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Abstract
This thesis presents the development of a novel electrochemical-cantilever
hybrid sensing platform. Microcantilevers are highly sensitive transducers
of surface stress, while electrochemical methods allow control and moni-
toring of the surface charge and potential, which can be used to identify
compounds or selectively modify the surface. A device combining these two
complementary techniques was designed, produced, and tested with the tar-
get application being the detection and speciation of toxic heavy metals.
A new electrochemical-cantilever chip format was designed, incorporating
six individually addressable cantilever electrodes and two reference/counter
electrodes in a microchannel, all on a single chip. The fabrication process
was optimized to consistently achieve nearly 100% chip yield. This chip was
combined with a polymer ﬂow cell that could be assembled, used, and disas-
sembled repeatedly without the need for wax or epoxy to seal the cell. The
ﬂow cell was optimized to provide reliable electrical and ﬂuidic connections,
as well as optical access for control and interrogation of the cantilevers and
their environment.
The cantilever arrays were functionalized with the amino acid L-cysteine
(Cys) and tetrapeptide Cys-Gly-Gly-His (CGGH) for binding copper (II)
ions. This functional layer was removed from one cantilever by selective ap-
plication of a voltammetric signal to generate a clean reference cantilever
for diﬀerential measurements. The responses of the monolayers to three dif-
ferent concentrations of copper ions were investigated, and an estimate of
the adsorption rate constant was found for the Cu-(Cys) and Cu-(CGGH)
binding systems.
Potential steps and sweeps were applied to a cantilever in buﬀered elec-
trolyte, resulting in surface stress behavior in agreement with theory. A dif-
ferential stress response due to cyclic voltammetry performed in electrolyte
with and without a reversible redox couple was found to agree with a ﬁrst
order approximation of Lippmann’s equation, verifying that the source of
the motion is stress induced by a charged surface.
This prototype system was successfully tested and demonstrated to be a
powerful analytical tool, but still requires a deeper understanding to reach
its full potential.
i
Dansk Resume
I denne afhandling er udviklingen af en nyskabende elektrokemisk-cantilever
hybrid sensor platform præsenteret. Mikro cantileverer er meget følsomme
over for ændringer i overﬂade stress, mens elektrokemiske metoder tillader
kontrol og udlæsning af overﬂade ladning og potentiale. Det kan bruges til
at identiﬁcere kemiske forbindelser eller selektivt modiﬁcere overﬂaden. Et
apparat der integrerer de to komplementre teknikker, er blevet designet, pro-
duceret og testet med det m˚al at kunne detektere og type bestemme giftige
tungmetaller.
Et nyt elektrokemisk-cantilever chip format indeholdende 6 cantilever
elektroder, og to reference elektroder der kan adresseres hver for sig er ud-
viklet. Alle cantileverer sidder i en mikro kanal, og det hele er integreret p˚a
en enkelt chip. Fabrikationsprocessen blev optimeret til konsekvent at give
et 100% udbytte. Chippen blev kombineret med en polymer ﬂowcelle, der
kan samles, blive anvendt og skilt ad gentagne gange uden brug af voks eller
epoxy til forsegling. Flowcellen er optimeret til at give p˚alidelige elektriske
og ﬂuide forbindelser, samt optisk adgang til kontrol og aﬂæsning af can-
tileverene og det miljø de beﬁnder sig i.
For at binde kobber (II) ioner blev rækker af cantilevere funktionaliseret
med aminosyre L-cysteine(Cys) og tetrapeptid Cys-Gly-Gly-His (CGGH).
Dette funktionelle lag blev fjernet fra en enkelt cantilever, ved selektivt at
anvende et voltammetrisk signal til at generere en ren reference cantilever til
brug for diﬀerentielle m˚alinger. Reaktionen for 3 forskellige koncentrationer
af kobber ioner blev undersøgt, og et estimat af absorption rate konstanten
fundet for Cu-(Cys) og Cu-(CGGH) bindings systemer.
Potentiale trin og skanninger blev p˚atrykt en cantilever i en buﬀered
elektrolyt. Det resulterede i overﬂade stress ændringer, som passer med
teorien. Det diﬀerentielle stress respons givet ved cyklisk voltammetri udført
i elektrolyt med og uden reversible redox par passer med første ordens
tilnærmelsen af Lippmanns ligning. Det bekræfter, at kilden til bevægelse
er stress induceret af en ladet overﬂade.
Dette prototype system blev succesfuldt testet, og har vist sig som et
kraftfuldt analytisk vrktøj, der dog stadig kræver en dybere forst˚aelse for at
opn˚a sit fulde potentiale.
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Chapter 1
PROJECT
INTRODUCTION
1.1 Project Motivation
Toxic heavy metal contaminants in drinking water are well known to have
adverse health eﬀects, both acute and chronic [1–4]. The carcinogenic eﬀects
of nickel have been documented [5, 6], while arsenic, in addition to being a
carcinogen [7], has been linked to mutagenesis [8]. Heavy metals are also
known to bioaccumulate in organisms [9], making the ability to detect them
at trace levels necessary to ensure public safety.
A number of methods are available for determining the presence and con-
centration of toxic metal ions. Atomic absorption spectroscopy and inductively-
coupled plasma mass spectrometry are two highly sensitive and well estab-
lished techniques [10], but typically require sample preparation and are con-
ﬁned to the lab due to the size of the instruments. Electrochemical methods
such as anodic stripping voltammetry, however, typically require no sample
pretreatment [11] and can be made small enough for measurements in the
ﬁeld [12]. Detection limit and speciation of metal ions has also been recently
enhanced through the application of chemically functional layers to elec-
trodes [13–17].
Microcantilevers are highly sensitive transducers of surface events [18–21],
and cantilevers modiﬁed with appropriate monolayers have even been used
for detecting metal ions [22–25]. Electrochemical methods have been com-
bined with cantilever measurements [26–30], and applied to generation of
motion [31,32], as well as detection purposes [33–35].
This aim of this thesis project was to develop a device capable
of detecting and speciating toxic heavy metal ions, based on a combined
1
Section 1.2.0
electrochemical-cantilever sensing platform, to be implanted in residential
water pumps by Grundfos A/S, the world’s largest manufacturer of these
pumps. However, long before any commercial applications could be consid-
ered, the basic operating principles of all aspects had to be understood.
Electrochemical behavior and surface modiﬁcation had to be characterized
before it could be reliably applied to microcantilevers. Additionally, since
no suitable platform for combined electrochemical-cantilever measurements
existed at DTU Nanotech, one had to be designed and fabricated from the
ground up. Toxic heavy metals such as Ni2+ and As3+ were the target species
originally, but the focus was quickly shifted to Cu2+. While the toxic eﬀects
of copper only manifest at relatively high concentrations compared to other
metals (2 mg/l), the copper-binding schemes presented herein oﬀered an ex-
cellent model system to test this new sensor platform.
1.2 Thesis Outline
Introduction
Part I holds the background for the thesis. The basic concept of cantilever
sensing and measurement as it pertains to this work is highlighted in chap-
ter 2, while the electrochemical theory and techniques that apply to the rest
of the thesis are discussed in chapter 3. These two chapters provide a brief
introduction to two diﬀerent methods of sensing in an eﬀort to make reading
the thesis coherent to a range of diﬀerent expertise levels.
Chapter 4 reviews the literature available on combined electrochemical-
cantilever measurements. It concludes by noting that all of the systems in
the literature reviewed are comprised of discrete components, i.e. the can-
tilever, reference and counter electrodes are separate articles, often sealed
into a liquid cell by wax or epoxy. This emphasizes how the electrochemical-
cantilever hybrid platform at the focus of this thesis is the ﬁrst of its kind to
have all electrodes and multiple cantilevers integrated into a ﬂow microchan-
nel on a single chip.
Electrochemistry Basics
Part II covers the initial work on microfabricating gold electrodes and using
them for measurements. Chapters 5 and 6 follow the development of the
2nd gen. (second generation) 1 mm2 gold electrode and the protocol to re-
liably obtain a clean surface. The combination of this electrode format and
the cleaning protocol served as the basis for a great number of screening tri-
als for investigating various surface chemistries, and has since been used by
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a number of Ph.D. students and post-docs for similar applications. The pro-
tocol developed using these 2nd gen. electrodes was eventually successfully
applied to the electrochemical-cantilever chips, facilitating ion detection.
Chapter 7 describes investigations into the eﬀects of pH on the charge state
of carboxyl and amine groups on self-assembled monolayers. This work led
to an understanding of the behavior of these functional groups and high-
lighted the importance of controlling pH levels.
Functional Layers
Part III follows the screening of the two functional layers that were then
applied to the cantilevers. Chapter 8 describes the immobilization proto-
col used to reliably attach the amino acid L-cysteine and the tetrapeptide
Cys-Gly-Gly-His to a gold surface. Electrochemical and quartz crystal mi-
crobalance methods were used to conﬁrm the attachment of the molecules,
as well as their ability to capture Cu2+ ions. The chapter concludes with
a short investigation into the development of a new peptide for speciﬁcally
capturing As3+ ions. While this eﬀort was unsuccessful, the concept of using
crown ethers for speciﬁc metal ion detection was presented as a promising
alternative.
The ECC Platform
Part IV takes the electrochemical-cantilever (ECC) platform from mere ideas
and sketches to a functioning device capable of combined measurements.
Chapter 9 describes the rationale behind the design of the ECC chip, the
optimized, high-yield fabrication process, and several alternative methods.
Additionally, the design, fabrication, and operation of the ﬂow cell is ex-
plained in detail. The ﬂow cell and ECC chip were designed to operate
together to create a versatile platform which could be quickly and reliably
assembled and disassembled without the need for wax or epoxy.
Chapter 10 describes the development of the operating procedure, and the
work required to make the ECC chip and ﬂow cell operable and ready for
measurements. Issues such as sealing, noise, and electrical connections were
addressed to ensure that reliable data could be acquired with this platform.
Characterization & Measurements
Part V concludes this work by describing two applications of the hybrid plat-
form. Chapter 11 presents the diﬀerential measurements used to explore the
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reactions of the two monolayers selected in chapter 8. The electrochemical
capabilities were used to voltammetrically clean a cantilever in situ, gener-
ating a reference for diﬀerential measurements. In this way the signal of the
clean cantilever could be subtracted from that of the functional cantilever,
thus revealing only the response of the functional monolayer. The cysteine
monolayer could be chemically regenerated and reused by applying ethylene-
diaminetetraacetic acid to remove the copper ions. Evidence was found to
support electrochemical regeneration of the cysteine monolayer.
Chapter 12 presents the combined electrochemical and surface stress data
acquired using the ECC platform. First, the motion of a cantilever to po-
tential steps and cycling in buﬀered electrolyte was investigated, and was
found to agree with theory. Then, cyclic voltammetry on a cantilever in a
reversible redox couple was executed, and a vastly diﬀerent stress response
was observed. Nonetheless, the motion of the cantilever was found to closely
follow the accumulation of charge on the electrode surface, ﬁtting very well
with the ﬁrst order approximation of the Lippmann equation, thus conﬁrm-
ing the successful operation of the ECC platform.
Appendices
Three appendices are included in this work to allow full recreation of the de-
vice and results that have been presented. Appendix A contains the process
ﬂow used to produce the 1st gen. and 2nd gen. microelectrodes described in
chapters 5 and 6. Appendix B describes the optimized process ﬂow used to
create the ECC chips. Last, appendix C contains the engineering drawings
for the components of the ﬂow cell.
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Chapter 2
Microcantilevers as Sensing
Elements
2.1 Cantilever Transducers
Microcantilevers have been used to detect and monitor a variety of chemical
and biological reactions [21, 36, 37]. Typical cantilever dimensions used are
hundreds of μm in length, tens of μm in width, and 1 μm or less in thick-
ness (with respect to ﬁgure 2.1), and can be fabricated from any number of
materials [38].
Figure 2.1: An illustration of a microcantilever, labeled with the relevant geometric
parameters length, L, width, w, and thickness, t.
The sensitivity of a cantilever, such as the one in ﬁgure 2.1, to an applied
force (e.g. a homogenous loading) can be described by the spring constant
k, which is evaluated using equation 2.1
k =
2Ewt3
3L3
(2.1)
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where E is the Young’s modulus for the material, w is the cantilever
width, t is the thickness, and L is the length [39]. Typical k-values lay in
the mN/m range, and the vertical deﬂection of the tip can be measured
with sub-nm precision using any of a several diﬀerent techniques [40]. This
means that the incredibly small forces of molecular interactions occurring on
the cantilever surface can be detected. Indeed, events such as self-assembly
of alkanethiol monolayers [41–43], protein interactions [44–46], and DNA-
hybridization [20, 47, 48] are just a few examples of microcantilever-based
sensing.
2.2 Measurement of Surface Stress
These microcantilevers are sensitive to the surface stress created by the in-
teractions of molecules on the surface with each other, the surrounding envi-
ronment, or the cantilever itself [18]. Since the thickness of these cantilevers
is an order of magnitude smaller, or more, than the others dimensions they
can be approximated as having only two signiﬁcant surfaces for stresses to
act upon, indicated by ﬁgure 2.2.
Figure 2.2: A proﬁle illustration of a bending cantilever, indicating the radius of curvature
R, the beam thickness t, and the top (S1) and bottom (S2) surfaces.
It is diﬃcult to measure the absolute surface stress, σ, on each surface of
the cantilever. However, using Stoney’s formula [49] it is possible to calculate
the diﬀerence between the stress on the top surface, σ1, and the bottom
surface, σ2. Stoney’s formula relates the diﬀerential stress, Δσ, to the radius
of curvature of the cantilever, R, via equation 2.2
8 L. M. Fischer
Chapter 2
Δσ = σ1 − σ2 = Et
2
6R(1− ν) (2.2)
with ν being the Poisson’s ratio for the material. Since it is the diﬀeren-
tial stress between the surfaces that is monitored, the molecular interaction
of interest must occur on only one of the sides, otherwise there will be no
change in R. This is typically accomplished by modifying only one side of
the cantilever with a receptor layer [19].
It was previously mentioned that there are a number of diﬀerent ways
to measure displacement of the cantilever. For the purposes of monitoring
the quasi-static motion of the cantilevers in this thesis, the optical lever
technique was employed [50,51]. In this method a laser is focused upon the
surface of the cantilever where it is reﬂected onto a position sensitive detec-
tor (PSD). The PSD measures the position of the laser spot as the cantilever
changes the angle of reﬂection, due to the applied stress. Then, by applying
equation 2.2 to the measured R, one can acquire a measurement of the dif-
ferential surface stress for the observed cantilever.
L. M. Fischer 9
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Electrochemistry: Concepts
and Methods
In the broadest sense, the ﬁeld of electrochemistry is the study of the inter-
play between chemical and electrical eﬀects. Analytical techniques rely upon
measuring an electrical characteristic or response of the electrolyte through
an arrangement of electrodes. This chapter is meant to introduce and de-
ﬁne the electrochemical terms and methods that will be applied within this
work. For an in-depth review of principles and techniques please refer to an
appropriate electrochemistry text book [52–54].
3.1 Reduction and Oxidation
The core concepts of electrochemistry revolve around controlling and ob-
serving electron transfer between species in a medium.
A + e−  A− (3.1)
A species is reduced when it gains or accepts electrons (equation 3.1, left
to right), while a species is oxidized when it loses or donates electrons (equa-
tion 3.1, right to left). Generally speaking, the reduced and oxidized forms
of a species can have positive, negative, or zero charge, and does not neces-
sarily have to closely resemble equation 3.1. This equation is an equilibrium
which occurs at a speciﬁed voltage or potential, measured with respect to
an accepted reference potential (see section 3.3.2). At this potential, the
reduction potential E0, the rates of reduction and oxidation are equal. An
example of such a system is the reversible redox couple ferri-ferrocyanide,
[Fe(CN)6]3−/4−, the equilibrium of which is described by equation 3.2
[Fe(CN)6]
3− + e−  [Fe(CN)6]4− E0 = +0.235 V (vs. Ag/AgCl)
(3.2)
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Thus, by applying a potential more negative of E0 the reduction reaction
(left to right) dominates, and a current is measured in this direction. Con-
versely, by applying a potential more positive of E0 the oxidation reaction
(right to left) dominates. Control of the applied potential and measuring
the associated current as a function of it is the basis of the measurements
performed within this work.
3.2 The i vs. E Relationship
3.2.1 System Response to a Potential Step
Considering the reaction in equation 3.2, applying a potential E < E0 will
supply enough energy for electrons to jump from the electrode to the species,
making the reduction reaction dominant in the electrolyte. A reduction cur-
rent will be measured as electrons ﬂow into the solution, reducing the 3- ion
to the 4- state. Initially the current will be high, as all the 3- species near
the electrode are reduced. Once this supply is used up, however, the rate of
reaction, and thus the reduction current, will depend on how quickly new
3- species can be transported to the electrode surface. This mass transport
is dictated by three eﬀects: migration, charged species being attracted or
repelled by the charge surrounding the electrode, diﬀusion, species moving
from a region of high concentration to a region of relatively low concentra-
tion, and convection, the movement of the electrolyte relative to the elec-
trode which delivers new species for the reaction [52]. Thus, after the initial
current spike, the reduction current (or similarly, the oxidation current) will
decrease and plateau at a value limited by mass transport, reaching a steady
state.
3.2.2 The Electrical Double Layer
Electron-exchange currents, or Faradic currents, are only one of two con-
tributions. Assume a solution contains ionic species which do not undergo
reduction or oxidation within the active potential range. Upon application of
a potential E a non-Faradic current (not due to electron transfer) will ﬂow
until the charge on the metal electrode surface is qM and satisﬁes equation
3.3:
qM
E
= C (3.3)
where C is the capacitance of the interface. Since the solution contains
dissolved ionic species of both negative a positive charge, the concentration
proﬁle near the interface will be altered, depicted in ﬁgure 3.1. Consequently,
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the thin layer of solution surrounding the interface will reorganize to produce
a charge qS , where qS = −qM . The combination of these charged layers in
the metal surface and solution is termed the electrical double layer. The
solution-side of the double layer is believed to consist of two layers itself.
First, nearest the surface is a compact layer, called the inner Helmholtz plane
or IHP, which contributes a charge of qi to the solution charge and is made
of ions adsorbed to the metal surface. Beyond this is the diﬀuse layer, also
called the outer Helmholtz plane or OHP, which consists of hydrated ions in
solution, non-speciﬁcally adsorbed to the electrode surface, and contributing
a charge of qd to the solution charge [54]. Thus, the composition of double
layer charge in this simple model satisﬁes equation 3.4:
qS = qi + qd = −qM (3.4)
and the electrical double layer, taken as a whole (qM and qS together), is
electrically neutral. While the potential diﬀerence across the double layer is
typically on the order of 1 V, the electric ﬁeld in this region can be as high
as 107 V/cm due to the minuscule layer thickness.
Figure 3.1: Illustrations of the electrode-electrolyte interface in the cases that a (a)
negative or (b) positive potential is applied to the electrode. The ions in solution arrange
to mirror the charge at the electrode surface.
Naturally the adsorption of ions to the surface and the large electric ﬁeld
across the interface will exert a force on the electrode. Considering this is
a consequence of an initially unequally charged solid-liquid interface, one
realizes that the electrical double layer forms at all phase boundaries, and is
not conﬁned to the special case of an electriﬁed surface in an electrochemical
experiment.
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3.3 The Three-electrode Setup
The electrochemical measurements conducted in this project are all per-
formed using a three electrode setup. A working electrode (WE) provides the
solid-liquid interface to be investigated, a reference electrode (RE) provides
a stable voltage against which the potential of the WE is measured, and a
counter electrode (CE) provides a current path. The three electrodes are ﬁt
into an electrochemical cell (ﬁgure 3.2(a)) and connected as shown in ﬁgure
3.2(b). A potentiostat (ﬁgure 3.2(c)) is used to control and measure poten-
tial, current, charge, and other parameters of the system, and in many cases
record the data as well. Further description of each electrode can be found
in the following sections.
(a) (b) (c)
Figure 3.2: (a) A glass cell to contain electrodes and electrolyte during experiments
(Gamry Instruments, USA, ”Dr. Bob” small volume cell). (b) Schematic of the three-
electrode cell. The voltmeter (V) measures the potential of the WE with respect to the
RE, while the ammeter (i) measures the current ﬂowing in the circuit completed by the
WE and CE. In modern experimental conﬁgurations, the voltmeter, ammeter, and power
supply are contained in one unit called a potentiostat. (c) A photograph of a CHI 660C
potentiostat (CH Instruments, USA).
3.3.1 The Working Electrode - WE
The surface of the WE is the focus of electrochemical measurements. It is
the interface at which the events under investigation happen, and where all
parameters are monitored. Working electrodes can be purchased (e.g. ﬁgure
3.3(a)) or constructed (see chapter 5 or 6) in a range of sizes and materials,
both of which are dictated by how the electrode will be used. The composi-
tion of the WE sets the limits on what potentials can be applied. Speciﬁcally,
the potential window of the electrode (ﬁgure 3.3(b)) is the useful range of
potentials for which measurements may be made. This is typically limited
by the oxidation of the electrode on the positive side and by the evolution
of hydrogen at the interface on the negative side.
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(a) (b)
Figure 3.3: (a) A purchased 3 mm gold disk electrode (Metrohm AG, Switzerland). (b)
A sample potential window of a gold disk electrode in 1 M KOH. The useful range of a
working electrode is typically limited by its own oxidation (positive side) and the evolution
of hydrogen (negative side), both of which are highly pH dependent.
Some common choices for working electrode material include liquid Hg,
noble metals (Au and Pt), carbon-based materials (graphite, glassy carbon),
or other transition metals (e.g. Ni, Cu, Ag) [53]. Again, the choice of material
depends on its use which will lay speciﬁc requirements upon the potential
window, chemical reactivity, and in some cases environmental factors.
In this project we will deal exclusively with microfabricated gold thin ﬁlm
electrodes. Gold has the beneﬁts of a relatively large potential window, ease
of chemical modiﬁcation via thiol groups, relative chemical stability (e.g.
etch resistance), as well as being simple to fabricate, thus lending itself to
be quickly integrated into microsystems.
3.3.2 The Reference Electrode - RE
All applied potentials must be measured with respect to a reference poten-
tial, which must be stable during the course of the measurement. The ideal
RE will provide a stable reference potential regardless of the current at the
working electrode.
Special reference electrodes are available for exactly this application. While
a range of REs are available, for the purposes of this thesis only the Ag/AgCl
reference electrode will be considered. Commercial electrodes are composed
of a sealed glass tube, ﬁlled with (in the case of ﬁgure 3.4) KCl at a speciﬁc
concentration. A silver wire covered in a layer of silver-chloride is immersed
in the electrolyte in the tube, and connected by wire to the potentiostat. A
L. M. Fischer 15
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(a) (b)
Figure 3.4: (a) A large Ag/AgCl reference electrode (Metrohm AG, Switzerland), ﬁlled
with 3 M KCl. (b) A smaller reference electrode (Gamry Instruments, USA) ﬁlled with
saturated KCl. Both REs are sealed glass vessels with a porous glass frit, which facilitates
ion exchange without letting the reference and experimental electrolytes mix.
porous glass frit is embedded at the bottom of the glass tube to isolate the
reference electrolyte from the experimental electrolyte while still allowing
some ion transfer and the potential drop to be felt.
In the three-electrode conﬁguration (ﬁgure 3.2(b)) the path of the refer-
ence electrode is designed to have an incredibly high electrical resistance.
This is done so the reactants used and products generated within the ref-
erence electrode are minimal (lending to its longevity and stability) while
still providing a reference voltage against which the WE may be measured.
However, measuring current as a function of applied potential is a useful
technique, and requires the ﬂow of an appreciable current. Thus a path for
the current must be provided that does not pass through the RE.
3.3.3 The Counter Electrode - CE
The counter electrode’s sole purpose is to facilitate current ﬂow through the
system. Typically made of an inert, electrically conductive material, such as
graphite or platinum (ﬁgure 3.5), the only two requirements of the CE are
that it: (i) has a large enough surface area to not be a bottleneck for current
ﬂow in the system, and (ii) not degrade in or contaminate the experimental
electrolyte. Solid rods, wires, grids, or other structures of suﬃciently large
area can be employed as CEs, and in some cases the reference electrode
itself might be used to conduct current instead. Whereas the potential is
measured/controlled between the working and reference electrodes, so the
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same goes for the current between the working and counter electrodes.
Figure 3.5: A photograph of a platinum rod used as a counter electrode in experiments
(Metrohm AG, Switzerland).
3.4 Electrochemical Techniques
3.4.1 Cyclic Voltammetry - CV
Cyclic voltammetry refers to sweeping the potential linearly in time. The
applied potential is scanned or swept one way (positive-to-negative) and
then swept the other way (negative-to-positive). This cycle continues back
and forth between two bounding values of potential, labeled E1 and E2 in
ﬁgure 3.6, for a deﬁned duration. During this cycling the reduction potential
passes E0 and tips the equilibrium, which is read as a current peak, after
which the current settles to a steady state value. This is useful for charac-
terizing the redox behavior of a new species, or characterizing the electrode
interface given a well deﬁned redox couple, which refers to an ionic species
exhibiting reversible reduction/oxidation behavior.
The reversible redox couple [Fe(CN)6]3−/4−(equation 3.1) will be the fo-
cus couple in this thesis. This system has been studied extensively and is
quite well understood. Thus it can be used as an electrochemical probe to in-
vestigate such parameters as electrode size (chapter 5), interface cleanliness
(chapter 6), or various surface modiﬁcations and charging eﬀects (chapter 7).
3.4.2 Electrochemical Impedance Spectroscopy - EIS
In this technique the electrical impedance of a cell is measured as the
frequency of an applied AC potential is swept through a range of val-
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Figure 3.6: A sample cyclic voltammagram. Starting at E1 and moving towards E2
a reduction current peak is observed as a large amount of [Fe(CN)6]
3− is reduced to
[Fe(CN)6]
4−. Following the reduction peak a steady-state reduction current (iSS,Red) is
established and the potential continues sweeping towards negative values until it reaches
E2 and changes direction. With the potential sweeping in the opposite direction, towards
E1, we observe an oxidation peak as we approach and pass E
0, where the [Fe(CN)6]
4−
at the interface is oxidized to [Fe(CN)6]
3−. The current peaks (opposite to the reduction
peak) and settles at a mass-transfer limited value iSS,Ox
ues. As with cyclic voltammetry a well-deﬁned and reversible redox couple
([Fe(CN)6]3−/4−in this project) is required to examine the working electrode-
electrolyte interface. Equal concentrations of the reduced and oxidized species
must be present in the probing solution to ﬁx the equilibrium potential of
the working electrode.
A small AC-potential (1 − 10 mV) is applied to the electrochemical cell,
superimposed upon a DC-voltage, which is the equilibrium potential E0.
The amplitude and phase of the current response is plotted against the fre-
quency of the applied potential, typically recorded in a Bode plot. However
this form is not conducive to comparison of results, thus a Nyquist plot is
instead used (ﬁgure 3.7(a)).
This plot can then be ﬁt to the Randles equivalent circuit [52] (ﬁgure
3.7(b)). The electrochemical cell can be modeled as a collection of circuit
elements which are arranged in parallel to account for the separate contribu-
tions from the Faradic current if (i.e. current due to electron exchange) and
the non-Faradic (or capacitive) current ic (i.e. the transient electron ﬂow
due to the electrical double layer charging). Both Faradic and non-Faradic
currents must ﬂow through the solution, thus the resistance of the bulk so-
lution can be modeled as simply a resistor, RS . The charging of the double
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(a) (b)
Figure 3.7: (a) A sample Nyquist plot with major system parameters indicated. This
plot is then ﬁt to (b) the Randles equivalent circuit, which is accurate for relatively
clean electrode-electrolyte interfaces. Circuit elements are deﬁned as follows: RS - solution
resistance, Cdl - double layer capacitance, Rct - charge transfer resistance, and ZW - the
Warburg impedance.
layer can be well-approximated by a capacitor, Cdl.
There are two separate contributions to the Faradic current. The ﬁrst
contribution is the resistance encountered by the electrons as they cross the
electrode-electrolyte interface, which is referred to as the charge transfer re-
sistance, Rct. This is an important parameter, as will be demonstrated in
part II, which can be used to measure interfacial properties of the electrode.
The other contribution to the Faradic current is ZW , called the Warburg
impedance. This is typically represented in the Randles circuit as a con-
stant phase element and is an eﬀective impedance caused by mass transfer
limiting the maximum current.
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Electrochemistry &
Cantilevers: State of the Art
As the ultimate goal of this thesis is to both build and use an electrochemical-
cantilever (ECC) platform, it is relevant to note the current and past liter-
ature in the ﬁeld. This chapter brieﬂy outlines the work done in performing
and understanding combined electrochemical-cantilever measurements, as
well as the measurement setups employed in the ﬁeld.
4.1 Early Work and Theory
Electrocapillary curves, or surface stress versus applied potential measure-
ments, were acquired to assist in understanding the structure of the elec-
trical double layer. One possible way of obtaining such data was to use an
extensometer [55] where the change in length of a metal strip was measured,
which yielded a surface stress value. However, such techniques were prone to
inaccuracy or irreproducibility due to interference from thermal eﬀects [56].
The ﬁrst electrocapillary curve acquired by monitoring the static deﬂection
of a cantilever was taken in 1971, reported by Fredlein et al. [57] who used a
13×1.5×0.0085 cm3 glass strip coated with gold on one side as an electrode,
the deﬂection of which was measured using the optical lever method, and
converted to surface stress using Stoney’s formula [49].
Fredlein and Bockris used the Shuttleworth equation [58] to determine
the surface excess of solvated ions [59]. The Shuttleworth equation in scalar
form
σ = γ +
dγ
dε
(4.1)
describes the surface stress, σ, in terms of the surface tension, γ, and its
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derivative with respect to strain, ε. Equation 4.1 plays a central role in
understanding stress-dominated behavior of electrode surfaces [60], and has
been the subject of much misunderstanding and debate [61–64]. The second
term in equation 4.1 is commonly believed to be so small that it can be
ignored [26,34,65,66], although some disagreement on this matter exists [67].
The Lippmann equation,
dγ
dE
= −q − (γ − σ) dε
dE
(4.2)
relates surface tension to the applied surface potential, E, and surface charge-
per-area, q. Again the second term has been deemed too small to be notice-
able under other eﬀects [34,66,68,69], with opposing views existing [70,71].
4.2 Current State
4.2.1 Active Research
With the advent of the atomic force microscope [72] it was only 10 years be-
fore similar cantilevers were used to monitor electrochemically-induced sur-
face stress. The mid-1990s saw Raiteri and Butt observe potential-induced
changes in surface stress [26], Rayment and Welland monitor the stress in
electrodeposited layers of silver [27] and lead [33, 73], while Haiss and Sass
investigated the stress in electrodeposited copper [74,75]. Further studies of
stress during electrodeposition of metals have been executed with the goal
of understanding under-potential deposition [76], investigating ﬁlm forma-
tion for metallization technologies [77], and developing chemical sensors [35].
Several groups have made eﬀorts towards the development of actuators
based on redox-induced physical deformation of chemical layers. Lahav et
al. electrodeposited a layer of polyaniline on a cantilever [31], while Tabard-
Cossa et al. chose polypyrrole as their actuating polymer [32]. In the case
of polypyrrole, reducing the polymer layer through application of a negative
potential to the cantilever caused an uptake of cations and their solvation
shell into the polymer. This caused the polypyrrole to swell, build a compres-
sive stress, and caused a downward deﬂection of the cantilever. Oxidizing the
polypyrrole layer returned a positive charge to the polymer, expelling the
cations, returning the polymer to its original state. Conversely, oxidation
caused repulsion bewteen the polyaniline chains, causing swelling, a com-
pressive stress, and a downward cantilever deﬂection as well, which was re-
lieved by reducing the polyaniline layer. Further, Tabard-Cossa et al. found
that the cantilever deﬂection was qualitatively similar to that of a clean
gold cantilever if the redox activity of the polypyrrole was suppressed [32].
Cantilever actuation via ferrocenyl-terminated alkanethiol SAMs has been
investigated [78, 79], with physical deformation of the ferrocenyl structure
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during reduction the main cause of compressive stress, and not any double
layer charging eﬀects.
Other investigations within the domain of electrochemical-cantilevers in-
clude observations of interactions between charged surfaces [80], and mon-
itoring the eﬀect of adsorbed alkanethiols on the electrochemically-induced
motion of the cantilever [34]. An interesting biological application from Bon-
grain et al. uses resonating cantilevers to measure the change in surface stress
due to the potential-induced denaturing of immobilized DNA, conﬁrmed by
CV and ﬂuorescence imaging [81].
However, most of the eﬀort in this ﬁeld is directed towards observing
and analyzing the simple motion of metallized cantilevers in ionic solutions.
Monitoring cantilever motion during voltammetry in aqueous solutions of
ClO−4 [28, 30, 65, 66, 70, 71], Cl
− [34], SO2−4 [28] [82], or I
−/Br−/NO−3 [26]
has been done in an eﬀort to understand the true nature of the motion, the
origin of the stress formed at a charged surface, and the factors aﬀecting its
behavior. Still, with so much eﬀort directed at the same basic goal, large dis-
crepancies exist. Basic shapes of surface stress-potential graphs have been
reported as both parabolic [26, 28, 66, 70, 82] and linear [29, 65, 71] due to
variations in cantilever preparation protocol.
A ﬁnal note: Amiot et al. have investigated the surface charging of can-
tilevers using a novel full-ﬁeld imaging setup [83, 84]. In contrast to the
assumptions made in chapter 2 regarding a uniform loading of the can-
tilever, Amiot et al. report the electrical double layer charging to occur at
the edge of the cantilever, which will have an impact on the values of surface
stress reported. These results are supported qualitatively in other works [85].
4.2.2 Understanding and Issues
The discrepancies in observations mentioned in section 4.2.1, as well as oc-
casional misunderstanding of the equations in section 4.1 have led to much
debate [60–64]. Tabard-Cossa et al. reported a strong dependence of the sur-
face stress-potential response on the electrode surface morphology, as well as
surface cleanliness. In fact, surface contamination was found to be the cause
of a parabolically-shaped surface stress-potential curve, like those observed
in select literature [26, 28, 70], highlighting the importance of generating a
reliably clean surface.
In all works, however, a negative potential is observed to cause a tensile
stress (i.e. upward deﬂection) on the cantilever’s gold surface [86]. Ibach et
al. suggest that this surface stress is far larger than could be caused by only
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the double layer charging [71], and that the strain derivative of surface ten-
sion (second term in equation 4.1) contributes to the stress, as in [67], and
should not be ignored, as in [34,66]. A possible model for this tensile stress
under a negative potential is presented by Weigend et al. [87]. Essentially,
in the electron liquid model for metals, an excess surface charge (e.g. an ap-
plied potential) causes the electron density function to extend outward from
the metal surface. This eﬀectively displaces the electronic center of grav-
ity, transferring electrons into in-plane bonds, resulting in a tensile surface
stress. The reverse is believed to be true, where a positive potential causes
a compressive stress. This agrees with the DFT simulation performed by
Weigend et al. [87], as well as with the previously cited literature, and ﬁts
with the work of Godin et al. [88].
4.3 Electrochemical-Cantilever Systems
Finally, given that a large part of this thesis work is centered around the
design of a new electrochemical-cantilever platform, a summary of the sys-
tems used in literature seems appropriate. Of the electrochemical-cantilever
literature cited here, the majority of groups use the optical lever method to
read out beam deﬂection, while some use an STM to monitor z-displacement
[28,71,74,75], or other ”visual” methods [86]. Monitoring systems employing
the optical lever method fall into two categories; those using a commercial
AFM system [26, 29, 34, 66, 67, 81], and those optical setups which are cus-
tom [27, 30–33, 35, 65, 73, 77–79]. Most of these optical lever interrogation
systems use commercially available silicon or silicon nitride microcantilevers.
However, a number of articles describe using larger (mm-sized) glass strips,
metallized on one side, as cantilevers. These ”macrocantilevers” have been
the used from the early work of Fredlein and Bockris [57, 59] up to re-
cently [70, 76, 77, 82], possibly for ease of handling or to avoid eﬀects of the
microelectrode regime.
Regardless of cantilever type or measurement method, all electrochemi-
cal activities must be conducted in a liquid environment, which takes the
form of a liquid cell. Most of these cells are sealed units, made of inert
polymers (commonly PTFE), and are incapable of ﬂow, with a few excep-
tions [26,34,77]. These cells typically have volumes of several ml, built large
enough to house the reference and counter electrodes, which are separate
articles from the cantilevers, inserted into the liquid cell. A recurring is-
sue in the description of these systems is the combined need to electri-
cally connect the cantilever electrode while simultaneously insulating the
contact point. One reliable method for electrical contact is a metal spring
clip [29,30,32,34,35,57,59,65,66,78], where the contact point is insulated by
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wax [30, 32, 35, 65, 66, 78], silicone [26], or even ﬁngernail polish [29], which
also deﬁnes the electrode surface area. Conductive epoxy is also noted to
make reliable electrical contact [27, 31, 33, 73], with additional insulating
epoxy applied over the contact area. It should be noted that none of the
previously cited literature describe a cantilever chip in which all electrodes
are integrated into a channel, all on a single chip. This is presumably due
to the high degree of diﬃculty associated with successfully creating such an
apparatus.
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Chapter 5
Microfabricated Electrodes:
Development &
Characterization
This chapter describes the initial development of the microfabricated thin
ﬁlm gold electrodes that would become the benchmark platform for testing
immobilization chemistry and electrochemical methods.
5.1 Background: The Microelectrode Regime
As with many other sensing structures, the behavior of the working electrode
changes upon miniaturization [89]. The small size of microelectrodes means
a higher ﬂux density of reactants is transported to the electrode surface by
diﬀusion [52]. This naturally leads to a higher reaction rate at the surface
and, therefore, an increased current density [90], but at the price of a signif-
icant reduction in current [91, 92]. While small currents can be diﬃcult to
measure due to noise, in many cases this side eﬀect can be overcome by using
arrays of microelectrodes [89, 93–99], thus increasing the overall current, as
well as the signal to noise ratio [94].
The diﬀusion proﬁle acts to concentrate species in the electrolyte around
the microelectrode, leading to the aforementioned increase in current density,
meaning successful measurements can be made in solutions where the con-
centration of electrolyte or analyte is too low to be measured by electrodes
of normal size. This higher current density also allows accumulation times
of seconds instead of minutes [95] in techniques were the pre-concentration
of the analyte upon the electrode is of importance (e.g. stripping voltamme-
try). Another advantage is the low sensitivity of microelectrodes to dissolved
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oxygen in the electrolyte [89,93] due to low non-faradic currents1 [100].
Fletcher et al. considered arrangements of microelectrodes, and how spac-
ing aﬀects performance [94]. Eﬀects of interacting electrical double layers
and sharing of solution resistance were examined for possible limitations on
current. However, it was found that current limiting due to diﬀusion domi-
nated the proximity eﬀects of microelectrode arrays. The minimum electrode
spacing d in an array of electrodes with radius r to avoid limiting the current
due to diﬀusion was estimated by equation 5.1.
d
r
≥ 20 (5.1)
5.2 Microelectrode Development
Two chip designs were created during this phase of the thesis project. A
ﬁrst generation (1st gen.) mask was produced to test the eﬀect of diﬀerent
electrode sizes and develop a successful fabrication process. From the ob-
servations of the 1st gen. design a second generation (2nd gen.) mask was
created which would form the foundation of all electrochemical measure-
ments for the rest of the project, described in chapter 6. The development
of such a chip, however simple it may be, was paramount to the success of
the entire project. Solidifying a reliable testing platform means that, in the
worst case of experimental failure, the methods and protocol could be rolled
back to a well-deﬁned starting point and debugged in an eﬃcient manner.
5.2.1 Electrode Design & Fabrication - 1st gen.
The ﬁrst chip was created to illuminate the possible diﬀerences between
macro- and microelectrodes, as well as microfabricated and bulk metal gold
electrode surfaces. With a high value placed on simplicity, to construct mi-
croelectrode arrays a 1 mm2 gold square was used as a base (see ﬁgure
5.1(a)). Then this surface was masked with silicon nitride to the desired
electrode array sizes and spacings. The 1 mm2 gold pad was connected to a
3 × 3 mm2 contact pad via a 200-nm-wide gold wire. A 10 nm layer of Ti
was used as an adhesion layer for 300 nm gold to form the electrode. Plasma-
enhanced chemical vapor deposition (PECVD) was used to deposit silicon
nitride, which was patterned using photolithography and then reactive ion
etched (RIE) to open the array holes. A detailed process ﬂow can be found
in Appendix A. Table 5.1 lists the diﬀerent hole sizes (square-side length
a) and spacings (center-to-center distance b), and ﬁgure 5.1(b) deﬁnes the
1Recall that these are due to the charging of the electrical double layer and involve no
actual electron transfer.
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parameters a and b.
(a)
(b) (c)
Figure 5.1: (a) Schematic of the 1st gen. microfabricated gold ﬁlm electrodes. The metal
layer consists of 10 nm Ti (for adhesion) and 300 nm Au. Initially 500 nm of PECVD SiN
was used to insulate the 200 nm wide wire and deﬁne the electrode array on the electrode
pad. Due to ﬂaking and peeling of this layer, 1 μm of SiN was used instead. A 1 mm× 1 mm
square is open in this illustration, but holes of sizes and separation speciﬁed in table 5.1
were opened in a similar fashion. (b) A close-up drawing of the electrode array design with
the holes in the SiN deﬁning the individual electrodes, a being the side length of a square,
and b being the center-to-center spacing between the electrodes. (c) A photograph of the
1st gen. chip.
Regarding table 5.1 it should be noted that the 3000-μm-diameter Au
disk, pictured in ﬁgure 3.3(a), is a purchased electrode and consists of a
99.99% pure Au wire wrapped in a polyetheretherketone (PEEK) insulation
(Metrohm AG, Switzerland). This was included in the trials as the bulk
gold disk electrode to compare properties with the microfabricated thin ﬁlm
electrodes. Since the gold in the 3-mm-disk is forged it is of a higher purity,
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Table 5.1: Electrode array hole size and nearest-neighbor (NN) separation.
Square Size Area NN Distance Number of Squares Total Area
a (μm) (μm2) b (μm) (μm2)
5 25 100 121 3025
10 100 100 121 12100
25 625 250 25 15625
50 2500 500 9 22500
100 10000 1000 4 40000
1000 1000000 - 1 1000000
3000* 7068577.5 - 1 7068577.5
*This is the purchased 3-mm-diameter disk Au electrode.
unlike the thin ﬁlm gold which can accumulate impurities during deposition
(more in chapter 6).
5.2.2 Electrode Preparation & Methods
Under the advice of chemists the microfabricated electrodes for these tri-
als were cleaned in concentrated nitric acid (65%) for 1 minute, to remove
possible organic contaminants, and then rinsed thoroughly in Milli-Q water.
The 3-mm-diameter gold disk electrode was prepared by ﬁrst polishing the
surface using a polishing cloth and a slurry consisting of 0.3 μm alumina
beads and water (both included with the purchased electrode), rinsed thor-
oughly with Milli-Q water, and the given the same nitric acid treatment as
the microfabricated electrode.
These individual electrodes needed to be connected to a wire and low-
ered into the testing solution somehow. In the case of the purchased 3-mm-
diameter Au disk a holder was provided that ﬁt into the small volume cell
and into which a cable could be plugged and connected to the CHI 660C
Electrochemical Workstation (CH Instruments, USA) potentiostat (ﬁgure
3.2(c)). The microfabricated electrodes were not so simple to operate. An
insulated copper wire was threaded through a 5-mm-diameter glass Pasteur
pipette. The stripped copper wire protruding from the end of the pipette
was pasted to the 3 × 3 mm2 contact pad on the chip using a conductive liq-
uid (Conductive Pen CW220STP, Chemtronics, USA) which dried to create
the electrical connection. However, this dried paste did not provide enough
strength for the bond between the chip and wire to sustain repeated han-
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dling, thus a coating of SU-8 (2002) was applied with a needle and baked
on a hotplate (50 ◦C) overnight to cure (ﬁgure 5.2(a)). While this provided
suﬃcient electrical connection to the chip it proved too time consuming to
practice this method on 20-30 chips over the course of this experiment. Ad-
ditionally, it was anticipated that future experiments would require the use
of hundreds of chips, thus a quicker way of connecting chips was required,
as well as a way to keep the chip connector reusable.
Thus the connection device in ﬁgure 5.2(b) was constructed. It consists of
the same style pipette and wire, except a paper clip, bent into the correct
shape to act as a spring clip contact, is soldered onto the exposed copper
wire protruding from the bottom of the pipette. A digital multi-meter was
used to test the resistance of the entire electrode, from the wire to the 1 mm
square. The resistance of the entire assembly was the same as the chip alone
(7-9 Ω) thus the holder contributes a negligible resistance to the working
electrode.
(a) (b)
Figure 5.2: (a) A photograph of the ﬁrst attempt to make electrical contact. The conduc-
tive paste, with SU-8 for passivation and structural stability, performed suﬃciently well,
but proved far too time consuming. (b) A photograph of the chip holder, constructed from
a glass Pasteur pipette, insulated copper wire, and a bent paper clip. Inset: A close-up
photograph of the paper clip soldered to the wire.
Measurement procedure consisted of connecting one working electrode
chip to the holder, placing it in a 10 mM [Fe(CN)6]3−/4−solution with 50
mM phosphate buﬀer (pH 7). A Ag/AgCl (3 M) reference electrode (ﬁgure
3.4(a), Metrohm AG, Switzerland), and a Pt-rod counter electrode (ﬁgure
3.5, Metrohm AG, Switzerland) were inserted into the solution as well and
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connected appropriately to the potentiostat. Cyclic voltammetry was per-
formed from -0.4 V to +0.8 V, at a scan rate of 0.1 V/s. Three chips of
each array conﬁguration were tested, and on each chip 5 cycles between the
aforementioned potentials were scanned.
5.3 Voltammetry Results
The resulting cyclic voltammagrams are shown in ﬁgure 5.3. The voltam-
magrams are plotted in terms of current density (A/cm2) so they can be
compared more accurately. Before examining these plots, one should note
that none of the electrodes match the independence criteria. All other mi-
croelectrode arrays have a spacing one-quarter that required for theoretical
diﬀusive independence (equation 5.1).
The ﬁrst observation we can make is that regarding which electrode de-
livers the greatest current density. One would expect it to come from the
smallest electrode array, but since the concentration of the redox couple is
relatively high (10 mM), electrode size does not play as important a role
as one would expect. The 5 μm square array does display a higher current
density than the 10 μm square array, since the 5 μm array comes closer
to satisfying the equation for diﬀusive independence, and thus is more of a
microelectrode array. Between the rest of the electrode chips current density
appears to be dependent on electrode surface size, with the highest current
density being observed in the 1 mm square electrode chip. Oddly enough,
the 3-mm-diameter disk electrode does not have the highest peak current
density, as the trend would indicate. The 3-mm-diameter disk does display
the highest absolute current, but the higher current density in the 1 mm
square electrode may be due to the electrode shape (square instead of cir-
cular).
The second observation is the peak position of the reduction (positive cur-
rent) and oxidation (negative current) peaks, highlighted in ﬁgure 5.4. All
visible peaks for the microfabricated gold ﬁlm electrodes reside at a range of
potentials, resulting in a range of peak separation values of ΔEp = 103 mV
to 200 mV. In contrast, the 3-mm-diameter gold disk always a has peak sep-
aration value of ΔEp ≤ 90 mV. For comparison, the theoretical minimum
peak separation for a single electron transfer reaction, such as we have with
the the [Fe(CN)6]3−/4−redox couple, is ΔEp = 59 mV [52]. This diﬀerence
can be accounted for by the purity of the gold. Microfabricated gold, even
below the surface, is known to be less pure than metallurgically produced
gold structures (i.e. wires, rods, smelted items), because the contaminants
within the vacuum chamber (mainly oxygen, nitrogen, and carbon) become
trapped in the ﬁlm bulk, leading to a gold purity of only 90%, and less on
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(a) CVs for the 3-mm-disk, and 1 mm and 100 μm
squares.
(b) CVs for the 100 μm, 50 μm, and 25 μm squares.
(c) CVs for the 25 μm, 10 μm, and 5 μm squares
Figure 5.3: The cyclic voltammagrams corresponding to microelectrode arrays of diﬀerent
sizes.
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Figure 5.4: A sample cyclic voltammagram with the peak potential separation ΔEp
deﬁned as the absolute diﬀerence between the reduction and oxidation peaks.
the surface [101]. Gold surface purity will be discussed further in chapter 6.
The ﬁnal observation is the progression of the voltammagram shape from
diﬀusion-limited currents (as described in ﬁgure 3.6) to currents not lim-
ited by mass transport (ﬁgure 5.3(c)). The CVs cease to exhibit the typical
reduction and oxidation peaks of maximum and minimum current, respec-
tively, with electrode square sizes of 25 μm or less. Current peaks are still
observed for square sizes of 50 μm or larger (ﬁgures 5.3(a) and 5.3(b)), but
square sizes of 25 μm and below show the typical CV behavior of the mi-
croelectrode regime [52,100].
Considering these observations, as well as the fact that these electrodes
will be used for screening binding chemistry and surface functionalization
which will not require readings in dilute situations, electrodes in the micro-
electrode regime would not be used as the base platform throughout the
rest of the project. Furthermore, given typical dimensions, cantilevers do
not qualify as true microelectrodes, and will most likely exhibit the typical
current-limited voltammagram behavior. Thus, the format of the working
electrode chip to be used from this point in the project forward is that of a
1 mm gold square.
5.4 Conclusion
This chapter represents the ﬁrst attempts at electrochemistry in this project.
A theoretical understanding of microelectrode behavior aided in designing
electrode arrays and interpreting the results. The purity of the gold used was
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found to play a vital role, prompting further investigation and development
of a reliable gold cleaning protocol, which will be the topic of chapter 6. The
design for the 2nd gen. chip was decided to be a 1 mm gold square for the sake
of simplicity and the fact that even on cantilevers we will not be operating
in the ultramicroelectrode regime. Nonetheless, a practical understanding of
electrode characterization and size dependance on measurements was gained,
which assisted in understanding other phenomena observed.
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Gold Cleaning Methods for
Electrochemical Applications
The surface of a working electrode is the observed interface in all electro-
chemical methods; all that happens in the solution is seen through this sur-
face. In chapter 5 it was found that the purity of the gold made a diﬀerence
in the electron transfer characteristics, and a more pure metal electrode will
exhibit electron transfer characteristics closer to the theoretical predictions.
However, for the eventual purpose of creating electrodes on microcantilevers
in this project, we are forced to use microfabricated gold deposited by elec-
tron beam evaporation. For the purposes of reliable and repeatable chemical
functionalization, and to allow fair comparison between measurements taken
on diﬀerent electrodes, it was decided to make a signiﬁcant eﬀort to develop a
protocol for cleaning the gold surface. While convenient to use in the MEMS
ﬁeld, microfabricated gold is quickly contaminated after deposition [102] and
cannot be cleaned by typical bulk electrode cleaning processes (e.g. polish-
ing).
The work in this chapter focused on obtaining a reliably clean gold thin
ﬁlm surface. Nine diﬀerent treatments were explored and characterized us-
ing cyclic voltammetry, electrochemical impedance spectroscopy, and x-ray
photoelectron spectroscopy. The electrochemical activity of the gold surface
was characterized using the same methods that will later be applied to the
screening of surface modiﬁcations, and the atomic composition was deter-
mined and compared relative to the bulk ﬁlm. This work can be found in
published form in reference [101].
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6.1 Materials & Methods
6.1.1 Electrode Design & Fabrication - 2nd gen.
A second generation, 2nd gen., electrode chip design was created, building
on the knowledge obtained in chapter 5. Figure 6.1 depicts the electrode
design that will not only be used in this experiment, but in all screening
experiments to follow, as well as by other researchers1. Notable changes to
the design are the slightly smaller contact pad, reduced to 2 × 3 mm2, and
the positions of the contact pad and working electrode square moved closer
towards their respective ends of the chip. This has been done to accommo-
date the extension of the 200-μm-wire to a length of 10.9 mm, ensuring the
working electrode surface is suﬃciently immersed in the solution while the
contact pad and chip holder (seen in ﬁgure 5.2(b)) do not touch the solution.
Figure 6.1: Schematic of the 2nd gen. microfabricated gold ﬁlm electrodes. The metal
layer consists of 10 nm Ti (for adhesion) and 300 nm Au, and wire and electrode edges
(Ti/Au interface) are insulated by 1 μm of PECVD SiN, as in the 1st gen. design. Also
note that the 200-μm-wide wire connecting the contact pad to the 1 mm × 1 mm electrode
is now 10.9 mm long, to ensure only the working electrode is immersed in the solution
and no current reaches the contact pad.
The electrode chips were fabricated in the manner described in section
5.2.1 and described in detail in appendix A. A 100 mm (100) silicon wafer
was wet oxidized at 1050 ◦C for 1.5 hours to form ∼500 nm of SiO2 for elec-
trical insulation. Standard UV lithography and lift-oﬀ processes were used
to pattern the 10 nm Ti / 300 nm Au electrode layer. A ∼1 μm PECVD sili-
con nitride layer was deposited using an STS PECVD reactor. A second UV
photolithography step, followed by a reactive ion etch deﬁned the working
electrode and contact pad areas. Acetone and a 10 minutes plasma ashing
removed the residual resist, and the wafers were removed from the cleanroom
for dicing. Chips were then left in plastic containers in a typical chemistry
laboratory atmosphere for 2 weeks, a normal time between fabrication and
1As of this writing, Ph.D. students Xueling Quan and Shoko Yamada have used this
chip design for materials investigations and nanoparticle toxicity screening, respectively
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Figure 6.2: A photograph of the 2nd gen. electrode chip.
use. This functioned as the standard contamination for this experiment. A
photograph of the ﬁnished 2nd gen. electrode chip is presented in ﬁgure 6.2.
6.1.2 Cleaning Methods
Two gold etches and a variety of common gold cleaning methods were in-
vestigated. All compounds mentioned are diluted with Milli-Q water. Each
cleaning method was applied to four gold samples for statistical relevance.
The applied treatments are described below, including solution concentra-
tions and voltammetry parameters. Cleaning times are explicitly stated for
non-voltammetric techniques, while all voltammetric techniques were ac-
complished in under 2 minutes.
Ultraviolet Ozone Cleaning
Gold samples spent 40 minutes in a Merck Eurolab PR-100 UV ozone pho-
toreactor. This treatment is commonly used when working with biological
samples as a way to restore or regenerate the gold surface after experi-
ments [103,104]. Abbreviated ”UV” in the results.
Potassium Hydroxide and Hydrogen Peroxide
This method has been used by Heiskanen et al. as an intermediate step in
a gold cleaning protocol [105]. Samples spent 10 minutes in a solution of
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50 mM KOH and 25% H2O2 before rinsing with Milli-Q water. Abbreviated
”KOH+H2O2” in the results.
Potassium Hydroxide Potential Sweep
This the the second part of the cleaning protocol used by Heiskanen et
al. [105]. After the treatment described above the samples were placed in
50 mM KOH and connected to a potentiostat. the electrode potential was
swept from -0.2 V to -1.2 V (vs. Ag/AgCl) once, at a 50 mV/s scan rate,
and then rinsed in Milli-Q water. Abbreviated ”KOH sweep” in the results.
Sulfuric Acid and Hydrogen Peroxide
A very mild version of a piranha clean, commonly used to remove organic
contaminants from silicon wafers, is formed from 50 mM H2SO4 and 25% hy-
drogen peroxide [106]. Gold samples spent 10 minutes in this treatment be-
fore being rinsed with Milli-Q water. Abbreviated ”H2SO4+H2O2” in the
results.
Sulfuric Acid Potential Cycling
Cycling the electrode potential in a weak sulfuric acid solution until a sta-
ble CV scan is achieved is a very common electrochemical cleaning tech-
nique [107, 108]. Sample potential was cycled from -0.4 V to 1.4 V (vs.
Ag/AgCl, 3 M) at a rate of 0.1 V/s in 50 mM sulfuric acid until the CV
becomes stable (approximately 12 cycles). Abbreviated ”H2SO4 CV” in the
results.
Hydrochloric Acid Potential Cycling
Gold is known to form a stable compound with chlorine [109,110], thus this
cleaning method is actually more of an electrochemical etch. Samples are
subjected to only three potential cycles from -0.5 V to 1.5 V (vs. Ag/AgCl,
3 M) at 0.1 V/s scan rate in 50 mM HCl. The number of cycles was kept
low since it was observed to take only 10 cycles to remove the gold layer,
and we would like a substantial amount of gold left as our working electrode
surface. Abbreviated ”HCl CV” in the results.
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Reducing Agent Solutions
This technique is based on the principle of trying to electrolessly reduce2
the gold oxide on the electrode surface to form metallic gold. This solution
contains the reducing and electron-supplying agents from an electroless de-
position recipe for gold [111]: 0.8 M KOH, 0.75 M Na2CO3, and 50 mM
dimethylamine borane (DMAB). One set of samples spent 10 minutes in
this solution at room temperature, abbreviated ”DMAB@25C”, and another
set at 65◦C, abbreviated ”DMAB@65C”.
Aqua Regia
A dilute version of the extremely powerful Aqua Regia noble metal etchant
was formed from 1 M NHO3 and 3 M HCl [110]. Samples only spent 2
minutes in this solution as the gold was visibly etched after 8 minutes. Ab-
breviated ”Aqua Regia” in the results.
6.1.3 Characterization Methods
Electrochemical Characterization
A CH Instruments 660C Electrochemical Workstation was used to perform
all CV and EIS. The probe solution consisted of 10 mM [Fe(CN)6]3−/4−redox
couple and 0.2 M KCl (reference/counter-electrolyte) in Milli-Q water. A
chlorinated silver wire, produced beforehand by potential cycling in satu-
rated KCl between -1.2 V and +1.2 V at 25 mV/s for 12 hours, formed
the Ag/AgCl pseudo-reference electrode, pictured in ﬁgure 6.3. All electro-
chemical measurements were conducted in a ”Dr. Bob’s” glass cell (Gamry
Instruments, USA, ﬁgure 3.2(a)) with 6 ml of probe solution without stirring.
Fresh probe solution was used for every diﬀerent cleaning method sample set.
Before and after cleaning, each electrode was subjected to CV of ﬁve cycles
sweeping potential from -0.3 V to +0.7 V at a rate of 0.1 V/s. Additionally,
EIS was performed by applying a 10 mV AC voltage on a DC bias of 280 mV
(the E0 value of the [Fe(CN)6]3−/4−couple) at frequencies from 0.1 Hz to
100 kHz and measuring the frequency response. Each cleaning technique
and accompanying measurements were performed on four separate samples
to generate statistically signiﬁcant results.
2Similar to electrolytic deposition of metal from solution, electroless deposition tech-
niques, while still requiring electron transfer, do not require an applied current. Instead,
the agents needed to provide the driving energy (reducing agent) and the electrons are con-
tained within the solution itself, which is usually activated by the application of elevated
temperatures.
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Figure 6.3: A photograph of a hand-made pseudo-reference electrode, the reference elec-
trolyte is contained in the probe solution: 200 mM KCl.
X-ray Photoelectron Spectroscopy
A Kα X-ray photoelectron spectrometer from Thermo Scientiﬁc was used
to conduct XPS to obtain an atomic percent (at.%) composition readout of
the electrode surface following each of the cleaning methods, as well as the
uncleaned electrode. A ﬁnal sample was sputter-cleaned with Ar ions and
scanned until a stable composition was observed, indicating the bulk gold
had been reached.
6.2 Results & Discussion
6.2.1 Electrochemical Results
Following the fabrication and dicing, all samples spent 2 weeks on a shelf in
the lab. It is known that, in ambient storage conditions, the gold surface is
quickly contaminated [112], thus we used this as standard ”contamination”
for our tests.
The potential-diﬀerence between the peak reduction and oxidation cur-
rents, ΔEp, previously seen in ﬁgure 5.4, is used as a measure of electro-
chemical cleanliness of the electrode surface, where a smaller ΔEp indicates
a cleaner surface. Theoretically, for a single electron transfer reaction such
as in the [Fe(CN)6]3−/4−couple on a perfect gold surface, the potential dif-
ference should be ΔEp = 58 mV [52], and we interpret any increase in this
value to be caused by surface imperfections and contaminations.
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The frequency response from the EIS measurements were ﬁt to the Ran-
dles equivalent circuit (seen in ﬁgure 3.7(b)), from which the charge transfer
resistance, Rct, was extracted. Since Rct is a measure of the resistance en-
countered by the electron as it travels between the redox species and the
electrode surface, a lower Rct indicates a cleaner and more electrochemically
active surface.
Table 6.1: Potential diﬀerence and charge transfer resistance for each gold cleaning
method. A negative sign indicates a percentage decrease from uncleaned values.
Cleaning Methods ΔEp Rct
%Δ σE %Δ σR
UV -7.1 12.0 -40 31
KOH+H2O2 -20.3 3.1 -63 9
KOH sweep -28.4 3.3 -71 6
H2SO4+H2O2 -9.3 3.5 -38 9
H2SO4 CV -9.8 3.1 -6 17
HCl CV -17.2 5.8 -52 10
DMAB@25C -8.1 1 -27 4
DMAB@65C -18.7 2.2 -69 6
Aqua Regia -8.8 6.2 -58 18
Table 6.1 shows the change in ΔEp and Rct as a percent diﬀerence (%Δ)
from their original, uncleaned sample values, while the standard deviation
(σ) is given as a percentage of the original uncleaned ΔEp or Rct values.
All samples exhibited values of ΔEp = 99.2 ± 3.6 mV and Rct = 259±
41 Ω before cleaning. Considering this, and the theoretical minimum value
ΔEp = 58 mV, a ”perfectly clean” version of this gold surface would have a
percentage decrease in ΔEp of %Δ = −41.5.
The large standard deviation in the UV cleaned samples indicates possible
contamination of the photoreactor. The KOH+H2O2 and KOH sweep meth-
ods appear to deliver the cleanest gold, while the very common H2SO4 CV
method delivers a surface less clean than expected. The HCl, Aqua Regia,
DMAB@25C and DMAB@65C methods appear to have similar eﬀects on
the electrode surface.
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6.2.2 XPS Results
Automated peak-ﬁtting analysis in the Kα spectrometer provided elemen-
tal composition information. The at.% composition is plotted in ﬁgure 6.4,
ignoring trace signals. We expect observing a larger percentage of elemen-
tal gold to indicate a cleaner surface, while carbon and nitrogen signals are
indicative of contamination. The oxygen 1s peak is shifted from 534.2 eV to
531.5 eV, indicating that the majority of oxygen found on the surface was in
the form of metal oxide. Chlorine signals are only observed in the samples
cleaned in acidic chlorine environments, and in the UV cleaned sample, possi-
bly due to contamination of the photoreactor. Again, the KOH sweep sample
is believed to be the cleanest as it has the highest at.% of elemental gold on
the surface. The H2SO4 CV sample has the second highest gold percentage,
which is unexpected after the electrochemical results. One would expect the
etching methods to reveal a fresh surface and have a high at.% of gold, close
to that of bulk gold, but the HCl CV and Aqua Regia cleaning methods
actually make the surface less pure by introducing chlorine contamination.
The KOH+H2O2 method attains a cleanliness nearly that of the H2SO4 CV,
but clearly beneﬁts from the addition of a voltage sweep. The DMAB@25C
and DMAB@65C methods behave similarly to the etches and do not reduce
the gold oxide, although they do remove the nitrogen-containing contam-
inants, while the mild piranha clean, H2SO4+H2O2, severely oxidizes the
gold surface.
The H2SO4 CV and HCl CV results appear contradictory between the
electrochemical and XPS measurements. One possible explanation of this
is that potential cycling in acidic solution aﬀects the surface charge of
the gold. Since the redox couple being used is negatively charged it may
aﬀect electrochemical measurements. An uncharged redox couple, hydro-
quinone/benzoquinone (H2Q/PBQ), which is a 2-electron transfer reaction,
was brieﬂy explored to address this issue with using a charged redox cou-
ple [113, 114]. It was found, how ever, that H2Q/PBQ is far less stable and
much more pH sensitive than [Fe(CN)6]3−/4−, as well as far more toxic.
Thus, the [Fe(CN)6]3−/4−couple remained as the workhorse redox couple for
the rest of the project.
6.2.3 AFM Results
Preliminary contact-mode AFM was performed on two samples3. One sam-
ple was from the batch of microfabricated electrodes used in this paper,
stored for 2 weeks in the lab, then scanned before and after the KOH+H2O2
cleaning method. The second was a 2-year-old gold sample from the same de-
3Contact-mode AFM was performed by bachelor student Noriyuki Masuda.
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Figure 6.4: Elemental surface composition (at.%) of gold samples following each cleaning
technique.
position machine, scanned before and after treatment with the KOH sweep
method. Table 6.2 describes the results where samples are characterized by
RMS roughness, width of the gold islands, and pitch of the islands, giving
an indication of the surface structure. Uncleaned sample scans, especially
the 2-year-old sample, appear noisier with less visible islands, while after
cleaning the islands appear clear and smooth. Also note that both samples
exhibit nearly identical roughness, width, and pitch after cleaning, despite
their prior diﬀerences.
Table 6.2: Description of features in the AFM images.
Sample description RMS Roughness Island Width Island Pitch
(nm) (nm) (nm)
2 weeks old - uncleaned 1.10 40 100
2 years old - uncleaned 0.30 100 200
2 weeks old - cleaned 0.70 40 80
2 years old - cleaned 0.65 40 80
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6.3 Conclusion
After investigating these cleaning methods we can conclude the KOH sweep
method is the best, while the H2SO4 CV appears to be acceptable when
investigated using XPS. The H2SO4+H2O2 method severely oxidizes the
gold, while the HCl CV and Aqua Regia etches do not appear to produce a
signiﬁcantly cleaner surface. Finally, the attempt to reduce the surface gold
oxide using the electroless-style solution in DMAB@25C and DMAB@65C
is ineﬀective and merely behaves as an etch. Preliminary AFM supports the
eﬀectiveness of these cleaning techniques.
Given these results, the cleaning method chosen for future experiments is
the KOH+H2O2 technique. The voltammetric sweep method is not practi-
cally feasible to perform in large batches of chips, thus this step was omitted.
Instead, the cleaning protocol was modiﬁed to end with a 2 minute bath in
95% ethanol. Reports in literature suggest that ethanol is capable of reduc-
ing gold oxide to metallic gold [115], thus replacing the voltammetry step.
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Chemically Modiﬁed
Electrodes
Self-assembled monolayers (SAMs) have proven useful in adding chemi-
cal functionality to sensor surfaces [116, 117], allowing speciﬁc detection
to be performed [37, 118, 119]. The monitoring of hybridization by immo-
bilizing single-strand DNA (ssDNA) and observing a signal only when the
functionalized surface encounters the corresponding complementary strand
[20,120–124] has become a prototypical example of speciﬁc sensing obtained
through surface modiﬁcation. Speciﬁc detection of metal ions by SAM-
modiﬁed surfaces has been demonstrated using quartz crystal microbalance
(QCM) [125], cantilevers [126–128], and an assortment of electrochemical
techniques [14, 129–134]. Speciﬁc sensing of metals has also been demon-
strated using functional polymers [135–137] or pastes [108, 138], but fabri-
cation of such materials proves much more involved than SAM immobiliza-
tion [139]. Thus, for the remainder of the project SAMs would be pursued
as the functional layer for metal ion detection.
This chapter describes the testing of surface modiﬁcation protocol, the re-
action of various SAMs to pH change as probed by the [Fe(CN)6]3−/4−redox
couple, and initial screening of metal-speciﬁc molecules. The understanding
gained in this work formed the basis for screening procedure in future ex-
periments.
7.1 Background
7.1.1 Dissociation Considerations
Since functional monolayers are to be used, a practical understanding of
them was required. Chemical groups such as -COOH, -NH2, -OH, and -SH
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are known ligands for binding metal ions [126, 140]. However, due to the
mobility of the proton, the charge state of these ligands is pH dependent.
Tables cataloging the pKa of these groups [141], a measure of the dissocia-
tion constant with special reference to the pH between protonation (addition
of a proton, H+) and deprotonation (loss of a H+), are available for a variety
of molecules. While values for numerous substances in solution have been
recorded, there is no such deﬁnitive table for surface bound ligands. The
pH required for protonation or deprotonation is strongly aﬀected by what
other structures the ligand in question is attached to, thus it follows that
immobilizing such ligands via a carbon chain to a gold surface make it diﬃ-
cult to predict pKa values. It comes as no surprise then that the investiga-
tion of ligand-containing monolayers is an active ﬁeld of research [142–145].
Nonetheless, for the speciﬁc purposes of this project a ﬁrst-hand investiga-
tion was required.
7.1.2 Interpretation of Charge Transfer Resistance
Electrochemical impedance spectroscopy is incredibly well-suited for such an
investigation. As previously described in section 3.4.2, EIS can characterize
the electrode surface in a number of ways using an appropriate redox probe.
Of speciﬁc importance is the charge transfer resistance, which is a measure
of the impedance felt by an electron crossing the electrode-electrolyte inter-
face. It then follows that the addition of an insulating or blocking layer to
the surface would raise the Rct observed. Impedance spectroscopy has been
used to characterize the completeness of simple alkanethiol layers [146], in
which case the electrons reach the surface by tunneling through the mono-
layer1.
Given an insulating barrier, electrons will have a ﬁnite probability of tun-
neling through to the other side. An insulating self-assembled monolayer
behaves in much the same manner, thus it follows that we can write an
expression for the tunneling current it [146,147]:
it = i0 exp(−βx) (7.1)
where i0 is the current measured at a clean gold electrode, x is the distance
across which the tunneling occurs (such as the thickness of a SAM, one
CH2 segment is approximately 1.27 A˚ long), and β is the electron tunneling
coeﬃcient, deﬁned as [52]:
1It’s interesting to note in the cases where the SAM molecule consists of a series of
benzene-like rings the inclusion of π-orbital electrons creates a conduction band in the
monolayer, of normal incidence to the electrode surface, thus drastically reducing the
observed charge transfer resistance [143].
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β ≈ 4π
√
2mΦ
x
≈ [1.02eV
1
2
A˚
]
√
Φ (7.2)
with m being the electron mass, and Φ being the work function of the metal,
typically given in eV. The work function of gold in vacuum is typically stated
as Φ = 5.1 eV, thus, for a gold surface modiﬁed by a short-chain thiol-
SAM the electron tunneling coeﬃcient is estimated to be β = 1.05 A˚−1, in
agreement with [113, 147, 148]. Equation 7.1 can also be described in terms
of electron-transfer rate constant k0:
k0(x) = k0Sexp(−βx) (7.3)
where k0S = k
0(x = 0). The rate constant can then be related to the charge
transfer resistance Rct, our solution parameter obtained from ﬁtting the
Randles circuit (section 3.4.2) to EIS data, by the following equation [146,
149]:
k0app =
RT
n2F 2
1
Rctc
(7.4)
where R is the gas constant, T is the absolute temperature, n is the number
of electrons exchanged in the reaction per ion, F is Faraday’s constant, and
c is the concentration of the redox probe species; if the concentration of the
reduced (cred) and oxidized (cox) species are equal, then cred = cox = c.
Using this interpretation of electron transfer across an insulating self-
assembled monolayer a number of groups have attempted to determine
monolayer coverage [146, 150, 151] and thickness [143, 147, 152], as well as
investigate the protonation state of immobilized functional groups [142,144,
145].
7.2 Materials & Methods
7.2.1 Electrode Preparation
The 2nd gen. electrodes, previously described in section 6.1.1, were used
as the substrate for these investigations. Following dicing, each electrode
was subjected to cleaning in a solution of 50 mM KOH and 25% H2O2
for 8 minutes, followed by thorough rinsing in Milli-Q water, following the
conclusions reached in chapter 6. Electrodes were blown dry with ﬁltered
(0.3 μm) compressed air and immediately set in their respective functional-
ization solutions.
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7.2.2 Surface Modiﬁcation
A number of short-chain thiol-terminated molecules were selected based on
what typical metal-binding molecules contained [15, 140]. In certain cases,
chain lengths of 3-carbon and 6-carbon atoms were also used. All solutions
were prepared at a concentration of 10 mM in 95% ethanol. Immobilization
was accomplished by letting the electrodes incubate in the ethanol solu-
tion overnight (16-20 hours), before being rinsed with fresh ethanol 3 times,
rinsed in Milli-Q water once (to remove the ethanol), blown dry with ﬁltered
compressed air, and measured. All chemicals were purchased from Sigma and
used as provided without further puriﬁcation.
Carboxyl-Terminated Monolayers: 3-Mercaptopropionic acid (MPA),
HS(CH2)2COOH, and 6-mercaptohexanoic acid (MHA), HS(CH2)5COOH,
were chosen to create a carboxyl-terminated surface with 3- and 6- methyl-
groups distance from the surface, respectively.
Amine-Terminated Monolayers: Cysteamine (CA), HS(CH2)2NH2, and
6-aminohexanethiol (AHT), HS(CH2)5NH2, were chosen to create an amine-
terminated surface with 3- and 6- methyl-groups distance from the surface,
respectively.
Sulfur-Terminated Surface: 1, 6-Hexanedithiol (HDT), HS(CH2)6SH,
was used to create the sulfur terminated surface. This surface-modiﬁcation
was not included in the EIS measurements since any pH extreme enough
to change the protonation state of the free thiol group would likely damage
the gold-thiol bond, biasing results. This surface was included in the XPS
measurements, however.
Methyl-Terminated Surface: 1-Hexanethiol (HT), HS(CH2)6, was used
to create the methyl-terminated surface, considered to be the passivating
and non-reactive monolayer in the experiment.
7.2.3 Characterization Techniques
Impedance measurements were performed in an aqueous solution of 5 mM
[Fe(CN)6]3−/4−, buﬀered by 50 mM hydrogen phosphate with 200 mM potas-
sium nitrate to ensure a high solution conductivity. Solutions were created
with pH values of 1.89, 3.94, 6.08, 8.09, and 10.0. The [Fe(CN)6]3−/4−solution
was found to be negatively aﬀected by low pH values, hence each solu-
tion was made and used within hours to ensure the highest activity of the
couple. Impedance spectroscopy applied a 5 mV AC signal at frequencies
from 0.1 Hz to 100 kHz on a DC setpoint of 238 mV, the experimentally
determined half-way point between the reduction and oxidation peak of
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the [Fe(CN)6]3−/4−couple in this experiment. Data was analyzed by ﬁt-
ting to a Randles equivalent circuit model (ﬁgure 3.7(b)) using the CHI
600C software (CH Instruments, USA). Measurements were conducted us-
ing the same CHI 600C potentiostat as in chapters 6 and 5, using the same
three-electrode setup. Three samples each of clean gold, methyl-terminated,
amine-terminated, and carboxyl terminated surface were measured in this
way.
X-ray photoelectron spectroscopy was conducted using a Kα Thermo Sci-
entiﬁc spectrometer. Survey scans were taken, as well as high energy scans
of the Au 4f, C 1s, O 1s, N 1s, and S 2p peaks. Data was analyzed using
Thermo Avantage software. Two samples of each modiﬁcation were mea-
sured by XPS.
7.3 Results
7.3.1 EIS Results
Figures 7.1, 7.2, and 7.3 plot the charge transfer resistances (Rct) versus
pH values for a clean Au surface, HT (-CH3), MPA (-COOH, 3C), MHA (-
COOH, 6C), CA (-NH2, 3C), and AHT (-NH2, 6C). Before examining these
plots closely , ﬁrst consider a rough estimate of the charge transfer resistance
expected, Rct,theory, in the same manner as Shervedani et al. [113]:
Rct,theory = R0 exp(βd) (7.5)
where d is the number of carbon atoms in the alkyl chain. Thus, using an
average value of the charge transfer resistance we have experimentally ob-
tained for R0 (the clean gold surface), we should expect a theoretical charge
transfer resistance of Rct,theory = 4.4 × 104 Ω for a 3-carbon chain (MPA,
CA), and Rct,theory = 2.4×106 Ω for the 6-carbon chains (HT, MHA, AHT).
Figure 7.1 plots the measured Rct for the clean gold surface and the HT-
modiﬁed surface, and immediately we can see that the resistances observed
for the HT surface are nearly an order of magnitude less than expected.
Keep in mind, however, that the above theory assumes a perfectly formed
monolayer blocking the electron transfer, while in reality the surface mor-
phology can hinder monolayer formation (e.g. polycrystalline vs. thin ﬁlm
vs. Au (111) crystal). Additionally, in the cases where a ”perfect” Au (111)
surface has been used the surface coverage measured by EIS is still below the
theoretical value [143], due to pinholes and grain boundaries in the mono-
layer providing a low resistance path for electron transfer, thus lowering the
observed Rct. Furthermore, the Rct of the HT layer appears to change with
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pH, even though no deprotonation should be occuring.
Figure 7.1: Charge transfer resistance Rct vs. pH for bare gold and a methyl-terminated
monolayer, 6C carbon chain length.
Figure 7.2 plots the Rct of the carboxyl-terminated monolayers versus pH.
Here we see a well deﬁned step in the resistance between pH 4 and pH 6,
a 5× increase in Rct for both MPA and MHA layers. Since we are using
a charged redox couple, [Fe(CN)6]3−/4−, the Rct measured will be aﬀected
by the charge state of the monolayer surface. A negatively charged surface
will repel the probe species, increasing the energy required for an electron
transfer event, which will manifest itself as a higher apparent charge trans-
fer resistance, while a positively charged monolayer will have the opposite
eﬀect. Carboxyl-groups are known to deprotonate at a wide range of pH
values, from 2 to 7 [141], in aqueous solution depending on the molecule
to which they are joined. Previous studies have experimentally determined
the pKa of carboxyl groups immobilized at the end of alkyl chains to be in
the range of 5.5-6.5 [142, 144, 145], examined with both positively charged
([Ru(NH2)6]2+/3+) and negatively charged ([Fe(CN)6]3−/4−) redox couples.
Although further experiments would be required to determine the actual pH
value of deprotonation, it is clear enough that the Rct step occurs between
pH 4 and 6, in agreement with literature, and is independent of alkyl chain
length. Also, we again observe that the measured Rct far below the expected
value. In addition to the layer not being perfectly formed, as in the case with
HT, the ionized end group can lead to charging eﬀects in the double layer or
surface, or structure or charge of the functional groups may cause enlarged
pinholes [113].
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Figure 7.2: Charge transfer resistance Rct vs. pH for carboxyl-terminated monolayers,
3C and 6C chain lengths.
In ﬁgure 7.3 the Rct of the amine-terminated monolayers is plotted ver-
sus pH. First notice that, unlike the carboxyl-terminated layers, there is no
step in the charge transfer resistance measured for CA and AHT. This is
most likely due to the fact that the pKa for amine groups is generally 9 or
higher [67,141], thus it is probable that the protonation state, and therefore
the charge, of the CA and AHT monolayers will not change within this ex-
periment. Second, the Rct of both amine-terminated monolayers is far below
not only the theoretically expected value, but also the charge transfer resis-
tance of of a clean gold surface. Again, this can most likely be attributed to
the charge state of the amine-terminus, which remains in a NH+3 protonated
form at the pH values examined in this experiment [141]. In such a case,
opposite to the negatively charged layer in the MPA and MHA monolay-
ers, the positively charged end group would attract the negatively charged
[Fe(CN)6]3−/4−redox couple, thus lowering the energy required for an elec-
tron transfer event which would manifest itself in the measurements as a
decrease in the charge transfer resistance. In the two data points in ﬁgure
7.3 that appear higher than the rest (at pH 8), this is probably the result of
a damaged monolayer or extra large pinholes, leading to portions of the gold
surface that, while now exposed to the solution, are no longer surrounded
by a positive charge and thus contribute to a Rct closer to that of a clean
gold surface (ﬁgure 7.1).
The hexanedithiol HDT SAM was not present in the impedance measure-
ments for two reasons: First, the pKa of the thiol group is known to be fairly
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Figure 7.3: Charge transfer resistance Rct vs. pH for amine-terminated monolayers, 3C
and 6C chain lengths.
high, comparable with the amine group, and thus we would not expect to
see any change at the pH levels examined in this experiment. Second, and
more importantly, a pH high enough to cause a deprotonation to the thiol
group at the free end of the HDT molecule would also likely aﬀect the bound
thiol, causing a decrease in coverage of the monolayer. In this case we would
not be measuring the eﬀect of pH on the charged state of the thiol group,
but rather the eﬀect of the monolayer being removed.
Figure 7.4 plots the eﬀective carbon chain lengths of each monolayer ver-
sus pH using their measured Rct values, and the charge transfer resistance
value of the clean Au surface as the resistance for a chain length of zero,
calculated using equations 7.3 and 7.4. Here a value greater than zero corre-
sponds to a monolayer which is impeding electron transfer, while a value less
than zero indicates that transfer events on that surface occurred easier than
on clean gold. In all cases the measured apparent chain length is less than
the nominal chain length of the actual molecules, i.e. 3 for MPA and CA,
6 for HT, MHA, and AHT. The simple methyl-terminated HT monolayer
comes closest to its expected chain length of 6, with defects in the monolayer,
due to incomplete formation and SAM and Au grain boundary eﬀects, the
probable cause of this value falling short of theory, as previously described.
The apparent chain length of the MPA and MHA layers increases with pH
and plateaus at pH 6, nearly matching the apparent chain length of HT at
pH 6. A slight positive charge on the monolayer in its protonated state is a
plausible cause of the low values for apparent chain length, negative in the
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case of MPA, at low pH values. The amine terminated values, believed to
remain protonated at all pH values in this experiment, maintain apparent
chain length values of -3 or less, due to the eﬀect of the positive charge on
the [Fe(CN)6]3−/4−redox couple.
Figure 7.4: Eﬀective carbon chain length (in number of methyl-groups) for each self-
assembled monolayer from ﬁgures 7.1, 7.2, and 7.3, calculated according to equations
7.3 and 7.4, using the measured Rct for clean Au as the zero-chain-length value. While
physically impossible, an apparent chain length in the negative values indicates electron
transfer occurs across this monolayer easier than the clean Au surface.
Lastly, notice how both the chain length value (ﬁgure 7.4) and Rct value
(ﬁgure 7.1) for the HT monolayer steadily increase with increasing pH. While
no protonation of the methyl groups is expected, the increase in OH− ions
in the solution surrounding the electrode surface may impede the electron
transfer of the negatively charged redox couple. Additionally, in ﬁgure 7.1
an initially high Rct for the clean Au surface could be attributed to the
increase in H+ ions in the solution generating a slightly negative screening
charge in the Au surface (i.e. inducing a weak electrical double layer) which
would cause a minor increase in resistance, as observed.
7.3.2 XPS Results
X-ray photoelectron spectroscopy was used to ensure that monolayers had
immobilized as expected. Table 7.1 presents the binding energy values that
were used to identify each monolayer. Only the surfaces terminated with
a carboxyl group exhibited the C1s peak at 289.4 eV, indicating a double-
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bonded carbon and oxygen, while an amine bond was conﬁrmed by the pres-
ence of a nitrogen-hydrogen bond peak at 400.2 eV. The thiol terminated
surface of the HDT was identiﬁed by the presence of a free thiol binding
energy at 163.4 eV, while the methyl-terminated monolayer exhibited an
S2p peak only at 162.0 eV, meaning a S-Au bond was present, but all other
functional groups were absent. The pure gold surface exhibited none of these
peaks. From these results it can be concluded that the monolayers had been
immobilized and expressed the correct functional groups.
Table 7.1: The identifying signals from the XPS performed on the monolayers investi-
gated.
Surface Identifying Identifying
Modiﬁcation Group Signal
MPA/MHA -COOH C1s: 289.4 eV, C=O bond
CA/AHT -NH2 N1s: 400.2 eV, N-H bond
HT -CH3 S2p: 162.0 eV, S-Au bond
HDT -SH S2p: 163.4 eV, S-H bond
7.4 Conclusion
The charge state of the investigated functional groups is aﬀected by pH as
expected. Additionally, in certain samples the SAM was observed to de-
grade at high pH values. Further, the eﬀect of pH-induced surface charge
is to be kept in mind when performing measurements using charged redox
probes, such as [Fe(CN)6]3−/4−, or in detecting charged species. A charge
in the monolayer could potentially cause an increase or decrease in the re-
action rate constant, and thus must be taken into account, and control of
the solution pH is deemed necessary. Finally, the immobilization protocol
and screening procedure developed will be used in future experiments to
determine binding events.
7.5 Binding Metal Ions: A First Look
7.5.1 Metal Binding Molecules
More complex molecules than those described above were investigated in
an eﬀort to ﬁnd a suitable monolayer for binding metals to an electrode on
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Figure 7.5: A schematic of the NTA-terminated thiol molecule immobilized on the
gold electrode surface to capture Ni2+ ions, chemical formula HS-(CH2)11-EG3-NTA
(Prochimia, Poland).
a cantilever. As an initial endeavor the well known nickel-binding molecule
nitrilotriacetic acid (NTA) was selected [153–156]. The speciﬁc molecule,
chemical formula HS-(CH2)11-EG3-NTA (from Prochimia, Poland) and pic-
tured in ﬁgure 7.5, was dissolved in 50 mM phosphate buﬀered saline (pH
7) to a concentration of 1 mM, then incubated overnight on gold electrodes
that had been cleaned. Cyclic voltammetry (-0.4 V to 0.8 V vs. Ag/AgCl,
0.1 V/s) and EIS (0.1 Hz to 100 kHz, 10 mV amplitude, 250 mV DC bias)
were performed on clean Au electrodes (Au), electrodes modiﬁed with the
NTA-moleclue (Au-NTA), modiﬁed electrodes with Ni2+ ions (Au-NTA-Ni),
as well as the Au-NTA-Ni after CV cycles until a stable voltammagram is
achieved (Au-NTA-Ni cycled).
7.5.2 Screening Results
Cyclic voltammetry of the diﬀerent surfaces (ﬁgure 7.6) revealed the sup-
pression of electron transfer events in the Au-NTA and Au-NTA-Ni sam-
ples, as expected, while table 7.2 shows the corresponding charge transfer
resistances (Rct). Upon cycling the Au-NTA-Ni-modiﬁed electrode 20 or 30
times, the CV was observed to steadily evolve from the blocked voltamma-
gram (see in ﬁgure 7.6, the ”Au-NTA-Ni” signal) towards that of the clean
Au surface. The CV stabilized at the signal plotted in the ﬁgure labeled
”Au-NTA-Ni cycled”, however, and ceased to change with further cycling.
We believe this to be the result of thiol removal from the surface via reduc-
tive desorption [84, 157–159] at certain sites where the SAM is ﬂawed (e.g.
grain boundaries). Desorption is typically observed at potentials closer to
1 V (vs. Ag/AgCl), but weakly adsorbed molecules may desorb at slightly
lower potentials. In any case, this is a demonstration that, in a probing solu-
tion, the SAM-modiﬁed surface could be altered via potential sweeps, thus
a surface could be simultaneously cleaned and monitored for cleanliness at
the same time.
Assuming the same packing as simple alkanethiol chain and using the
back-calculation methods previously described we interpret the charge trans-
fer resistance as the addition of a SAM 8-methyl groups long. Clearly this
is far shorter than the molecule that was actually used. In addition to the
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Figure 7.6: Cyclic voltammagrams of the Au, Au-NTA, and Au-NTA-Ni surfaces, as
well as the Au-NTA-Ni surface after excessive cycling, plotting the stable CV obtained.
The long thiolated-NTA molecule almost completely blocks the electron transfer, while
the addition of Ni2+ ions further suppresses the transfer. Excessive cycling (20-30 cycles)
was found to alter the monolayer such that the redox peaks of the [Fe(CN)6]
3−/4−couple
reappeared but did not return to their positions in the clean gold surface, indicating partial
removal from the electrode surface. Probing solution: 10 mM [Fe(CN)6]
3−/4−in 50 mM
hydrogen phosphate (pH 7).
Table 7.2: Average charge transfer resistance values measured with EIS for the 4 types
of surfaces investigated in ﬁgure 7.6.
Surface Rct (Ω)
Au 3× 102
Au-NTA 5× 106
Au-NTA-Ni 1× 107
Au-NTA-Ni cycled 6× 104
reasons already mentioned for an apparent chain length less than expected,
the NTA-terminal on this molecule could also be responsible for steric eﬀects
in the sense that these bulky end groups do not allow the same level of pack-
ing found in the simple alkanethiol SAMs, which would leave space for the
[Fe(CN)6]3−/4−redox couple to encounter the electrode surface, manifesting
as a lower charge transfer resistance.
7.5.3 Summary
This screening method was eﬀective in sensing the diﬀerence between a
clean electrode surface, a functionalized surface, and a functionalized surface
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in which something had been bound. Additionally, the eﬀect of monolayer
erosion due to potential cycling was encountered, which must be consid-
ered both for its positive and negative implications. It was decided to pro-
ceed with metal detection using speciﬁcally functional SAMs, but the NTA-
molecule would not be used. Simpler prototypical systems that are also well
understood would later be selected, screened, and applied to cantilever-based
sensing in this project.
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Chapter 8
Functional Layers for Copper
Ion Detection
Both cantilever and electrochemical detection methods will require a func-
tional layer to capture metal ions. Cantilevers require this functional layer
to transduce speciﬁc molecular interactions into mechanical stress to cause a
deﬂection [20,21,37,41,45,48,121,160–163]. While electrochemical methods
are capable of speciation through interpretation of the current-voltage rela-
tionship, a functional chemical layer can increase the measurement sensitiv-
ity to a particular analyte. Speciation and sensitivity in voltammetric meth-
ods has been enhanced through the use of functional polymers [135–137,139],
pastes [108,138,164], and self-assembled monolayers [13,15,16,165–167]. This
chapter describes the screening procedures to ﬁnd a functional chemistry for
detecting copper (II) ions, the model metal ion system for the ECC platform.
8.1 Biomolecules For Metal Ion Detection
8.1.1 Amino Acids
The design of functional layers for metal ions is based on their aﬃnities to
speciﬁc chemical groups or ligands [2]. Beyond merely having an aﬃnity for
a single chemical group, metal ions can be strongly bound by these groups if
they form a speciﬁc coordinating structure, which is the basis for chelation
[141]. This is precisely the case in systems such as Ni2+/dimethylglioxime
(DMG), where both the chemical groups and coordinating structure create
a very high aﬃnity between Ni2+ and DMG, and a very low aﬃnity between
DMG and most other metals [138]. This is also the basis for heavy metal
toxicity in living organisms, where an incorrect metal ion can interact with
proteins to either block essential metal ions or change the folding of the
protein, causing adverse eﬀects [2].
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It then makes sense to detect the toxic metal ions in the same manner in
which they cause damage, i.e. by using simple biological molecules immo-
bilized on transducers. Work has been done on the use of amino acids to
capture metal ions, which is the simplest implementation of this methodol-
ogy. The Cu2+/L-cysteine system in particular has been investigated for its
use in sensing copper ions [126,130,168–170]. The cysteine amino acid binds
so well with the Cu2+ ion that the only interfering ion, Ni2+, must be present
in 5000-fold excess to Cu2+ to interfere with detection [169]. This makes the
Cu2+/L-cysteine pair a great prototype system to test an electrochemical-
cantilever platform since it’s binding conﬁguration [170], seen in ﬁgure 8.1,
has also been shown to generate a stress response [126].
Figure 8.1: A schematic of the binding conﬁguration of the amino acid L-cysteine to a
Cu2+ ion.
8.1.2 Peptides
While cysteine can be easily immobilized and has a strong aﬃnity for copper
ions, we can only accomplish so much with a simple, single amino acid. The
routes for speciﬁc metal toxicity in organisms include the inﬁltration of cer-
tain amino acid sequences in proteins and disrupting cellular functions [2].
Thus, using peptides based on these sequences can increase the selectivity
of target metals, and also make devices more sensitive to the metals that
actually cause harm [6,171–174]. A speciﬁc example is the short-chain pep-
tide Glycine-Glycine-Histidine (GGH), a sequence designed to mimic the
copper transport site on human albumin, which has been shown to have a
high aﬃnity and to actively compete with proteins for Cu2+ ions [175,176].
Researchers in J. J. Gooding’s group have investigated the use of GGH to
selectively bind Cu2+ ions to be detected voltammetrically [15,140,177–179].
Using a novel layer-by-layer approach they are able to bind arbitrary amino
acid sequences to a mercaptopropionic acid (MPA) surface via a peptide
bond to detect copper ions, as well as other metals [180].
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Of additional interest to the cantilever community is the folding action
that occurs during binding with a metal ion. Proteins immobilized on a sur-
face are known to change shape or folding upon binding a metal ion, thus
creating a stress in the protein layer [46]. While short-chain peptides (such
as GGH) are much smaller than the proteins typically investigated, they too
fold upon binding with a metal ion [177,181] and cause a change in surface
stress [25].
8.1.3 Custom Peptide: CGGH
The layer-by-layer technique used by Chow et al. [15, 178, 180] to graft ar-
bitrary amino acid chains to a carboxyl-terminated surface via a peptide
bond, while extremely versatile, could not be accomplished in this project.
Although signiﬁcant eﬀorts were made by experts in organic chemistry1, a
surface-immobilized peptide bond could not be achieved reliably.
Figure 8.2: A schematic of the tetrapeptide Cysteine-Glycine-Glycine-Histidine (CGGH)
bound to a gold surface in both its free (left) and Cu2+ ion-coordinated (right) conﬁgu-
rations.
An alternative and simpliﬁed functionalization scheme was proposed in
the interest of reducing time spent modifying chips and maximizing the
anticipated reproducibility of results. All peptide attachment would be per-
formed on gold surfaces. The chosen proof-of-concept metal ion was the
Cu2+, and cysteine was picked to be functional layer. The tripeptide GGH,
as previously mentioned, is designed to selectively bind copper ions [175,
176, 181] and is capable of doing so when immobilized onto surfaces via
MPA [15, 140, 177–179]. Thus the obvious simpliﬁcation of this process was
1Under the guidance of associate professor Mogens Havsteen Jakobsen and with the
practical assistance of assistant professor Gabriela Blagoi (DTU Nanotech).
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to simply attach a cysteine residue to the GGH sequence. This created the
tetrapeptide CGGH2, which could be immobilized in a single step onto
a clean gold surface and still provide the functionality of the GGH pep-
tide. Figure 8.2 depicts the immobilized CGGH molecule, as well as the
expected coordination structure around a Cu2+ ion, as described in the lit-
erature [176,178,179].
8.2 Screening of Functional Layers
Cysteine (Cys) and the tetrapeptide CGGH have been chosen for the dif-
ferent ways in which they bind the proof-of-concept target ion: Cu2+. Two
Cys molecules bind a single Cu2+ ion (ﬁgure 8.1) and there is no signiﬁcant
change in the physical structure of the immobilized molecules. In contrast, a
single CGGH molecule is believed to coordinate around one Cu2+ ion, and
the peptide undergoes quite a signiﬁcant folding event (ﬁgure 8.2).
Cantilever behavior is aﬀected by a great number of factors, meaning the
reaction of the functional layer to Cu2+ might be only one of many factors
aﬀecting the change in surface stress. Thus a screening process was applied
to prove beyond a reasonable doubt that: (a) the protocol used to immobilize
the molecules is eﬀective, and (b) the immobilized molecules are binding the
Cu2+ ions. The remainder of this chapter describes the screening techniques
applied to this end. Impedance spectroscopy and cyclic voltammetry are per-
formed on Cysteine-modiﬁed surfaces and compared with literature results
to conﬁrm functionality of the layer. As well for the CGGH monolayers, EIS
and quartz crystal microbalance (QCM) are used to conﬁrm the presence
of the monolayer, and that there is a reaction to copper ions. Ethylenedi-
aminetetraacetic acid (EDTA) is applied to the CGGH monolayer during
QCM measurements to demonstrate the regenerability and reusability of
the layer.
8.2.1 Experimental Methods
Materials
The custom peptide CGGH (sequence Ac-Cys-Gly-Gly-His-OH, molecular
weight 413.44 g/mol) was made to speciﬁcations by TAG Copenhagen (Den-
mark). The CGGH purity was measured by high-performance liquid chro-
matography (HPLC) to be 98.92% (conﬁrmed by mass spectrometry) and
2This peptide sequence, and the associated immobilization protocol have since been
used by Ph.D. student Alberto Cagliani to capture copper ions on silicon bulk disk res-
onators.
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was used without further puriﬁcation. All other chemicals were obtained
from Sigma-Aldrich (Denmark) in analytical grade purity and used as re-
ceived. All dilutions were made with Milli-Q water (18.2 MΩcm) from an
in-house dispenser (Millipore Direct-Q UV).
Immobilization Protocol
All electrochemical measurements were performed on the 2nd gen. working
electrode chips (section 6.1.1, ﬁgures 6.1 and 6.2), while QCM measurements
were performed on AT-cut quartz substrates with 100 nm of Au (Q-Sense,
Sweden). Both types of substrates were cleaned using the protocol developed
in chapter 6, and as applied in section 7.2.1. Following rinsing each electrode
was set in 5 ml of a 5 mM solution of either Cys or CGGH, buﬀered to pH 6
by 0.1 M hydrogen phosphate. Substrates remained in this solution for 16-
20 hours (overnight incubation) and were then rinsed in two 10 ml baths of
clean 0.1 M phosphate buﬀer for 1 hour each.
Electrochemical Methods
All electrochemical measurements were performed using a CHI 660C electro-
chemical workstation (ﬁgure 3.2(c)), a Ag/AgCl (KCl saturated) reference
electrode (Gamry Instruments, USA, ﬁgure 3.4(b)), and a Pt rod counter
electrode (ﬁgure 3.5). Cyclic voltammetry and EIS were performed in 5 mM
[Fe(CN)6]3−/4−with 0.2 M potassium nitrate, 0.1 M phosphate buﬀer (pH
6), on both clean gold and electrodes modiﬁed with Cys and CGGH to de-
termine if the immobilization protocol worked. Voltammetry sweeps were
performed at 0.1 V/s between the potentials indicated in the ﬁgures for 5
cycles. In the case of the Cys-modiﬁed surfaces, an additional CV (0.1 V/s)
was performed in 0.2 M potassium nitrate, 0.1 M phosphate buﬀer (pH 6)
before and after accumulating copper for 20 minutes in a 100 μM CuSO4
solution. After copper accumulation the substrates were rinsed with Milli-Q
and phosphate buﬀer extensively, to ensure the only copper present was that
which was speciﬁcally bound by the Cys.
Impedance measurements were performed on clean gold surfaces, and
those modiﬁed with Cysteine and CGGH. Additionally, EIS measurements
were taken on Cys and CGGH substrates that had Cu2+ ions bound, as
well as CGGH substrates that had been exposed to 5 mM EDTA to remove
bound copper. Frequencies from 0.1 Hz to 100 kHz were applied at a 5 mV
amplitude on a 240 mV setpoint bias. Four samples of each functionalization
were measured to obtain statistically signiﬁcant results.
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Quartz Crystal Microbalance - QCM
A Q-Sense E1 quartz crystal microbalance ﬂow system with dissipation mon-
itoring (QCM-D) (Q-Sense, Sweden) was used to monitor the eﬀect of cop-
per binding and removal on immobilized CGGH molecules3. This instru-
ment is capable of not only measuring the frequency shift due to the change
in mass on the resonator surface, but can also measure the rate at which
resonator energy is dissipated due to the change in viscoelasticity of the
absorbed layer [182–184]. The CGGH-modiﬁed QCM chips were mounted
and a 40 μl/min Milli-Q water ﬂow was initiated and carried on for approxi-
mately 2 hours, the typical time required to reach a drift-free baseline. Then
a 100 μM CuSO4 solution was ﬂowed over the surface for 10 minutes, after
which the Milli-Q water ﬂow was re-initiated. A 5 mM solution of EDTA
was then introduced to remove the copper ions from the system, after which
Milli-Q water was once again introduced. This cycle was carried out repeat-
edly to investigate if the monolayer could be reused.
8.2.2 Results
Cyclic Voltammetry
As mentioned in chapters 6 and 7, the CV of a working electrode in a
known redox couple ([Fe(CN)6]3−/4−in this case) can be used to interpret
the degree of electron transfer blocking compared to a clean, unmodiﬁed
gold surface. In this experiment, since all solutions and surface treatments
are known, and electrode cleaning has been veriﬁed (in chapter 6 and in
reference [101]), then the degree of blocking on the surface measured by CV
is an indication of whether the immobilization protocol has worked. Figures
8.3 and 8.4 plot the CVs taken before and after the deposition of the two
aforementioned monolayers. The peak-to-peak separation, ΔE, for the L-
Cysteine modiﬁed electrode (ﬁgure 8.3) is 13 mV less than that of the clean
gold electrode. While one might expect a clean, unmodiﬁed gold surface to
host the most eﬃcient electron transfer, we know from previous experience
(chapter 7) that the charge state of the surface can greatly aﬀect the be-
havior of electrochemical measurements when using a charged redox probe,
such as [Fe(CN)6]3−/4−.
Thus, ﬁgure 8.3 implies that the gold surface has gained a net positive
charge, as experienced in section 7.3.1. There an amine-terminated surface
was seen to have a positive charge at all pH values between 2 and 10, due to
the amine group remaining protonated in this pH range (ﬁgure 7.3), while a
carboxyl-terminated surface underwent a change in charge state (most likely
3QCM measurements were performed using the equipment and facilities at the Danish
Technological Institute (DTI), with assistance from post-doctoral researcher Yihua Yu.
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Figure 8.3: Cyclic voltammagrams of the gold electrode surface before and after mod-
iﬁcation with the amino acid L-cysteine. The peak separation ΔE is slightly less after
modiﬁcation due to the positively charged surface attracting the negatively charged redox
couple, causing an apparent increase in electron transfer kinetics. Probing solution: 5 mM
[Fe(CN)6]
3−/4−, 0.2 M KNO3, and 0.1 M H2PO4 (pH 6).
COOH to COO−) between pH 4 and 6 (ﬁgure 7.2). Further qualiﬁcation of
the surface state is diﬃcult when considering only the CV presented. Fur-
ther evidence is provided by impedance spectroscopy.
Figure 8.4 plots the CVs obtained before and after the gold surface was
modiﬁed with the tetrapeptide CGGH. Here the surface is blocked to a large
degree, preventing any reduction of the redox couple, and allowing what ap-
pears to be only a faint oxidation peak to be observed. This molecule is far
longer than the simple Cysteine molecule previously mentioned, and thus
should provide a much greater resistance to electron tunneling, hindering
the transfer kinetics, resulting in a suppression of the [Fe(CN)6]3−/4−couple
redox behavior. Figure 8.4 is the ﬁrst evidence indicating that the function-
alization protocol is adequate.
A Cysteine modiﬁed electrode was placed in a CuSO4 solution to accu-
mulate copper ions. Since performing a CV on a copper-charged electrode
in the [Fe(CN)6]3−/4−redox couple would result in both [Fe(CN)6]3−/4−and
Cu2+ reduction and oxidation peaks appearing, making interpretation of the
plot diﬃcult, a diﬀerent approach was taken. Cyclic voltammagrams were
conducted in phosphate-buﬀered electrolyte before and after copper accu-
mulation, with the results plotted in ﬁgure 8.5. Prior to copper accumulation
the CV in the buﬀered electrolyte appears ﬂat, with this absence of peaks
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Figure 8.4: Cyclic voltammagrams of the gold electrode surface before and after mod-
iﬁcation with the custom tetrapeptide CGGH. The electron transfer at the surface is
eﬀectively blocked by the relatively long chain molecule, since no reduction peaks are ob-
servable. Probing solution: 5 mM [Fe(CN)6]
3−/4−, 0.2 M KNO3, and 0.1 M H2PO4 (pH
6).
indicating no redox activity on the surface. After copper accumulation, how-
ever, two peaks are observed, Ered = 46 mV and Eox = 252 mV. These peaks
agree very well with Yang et al. [170], where these voltammetry values cor-
respond to Cu2+ being reduced to Cu+ at Ered, and Cu+ being oxidized
to Cu2+ at Eox. This is further conﬁrmation that the cysteine monolayer is
binding copper as expected.
Impedance Measurements
Impedance spectroscopy was employed to further explore the blocking be-
havior of the surface modiﬁcation. Table 8.1 lists the average values of the
charge transfer resistance, R¯ct, and the standard deviation in these values,
σRct. Additionally, the equivalent length of a carbon chain that would mod-
ify the clean gold Rct as it appears in the table is calculated in the same
manner as it was in section 7.3.1. This was done in the interest of easy com-
parison between this work and that of section 7.3.1. While a carbon chain
with a negative value length has no physical meaning, the basic idea to be
obtained from these results is: (1) the cysteine layer, due to being positively
charged, increases electron transfer kinetics at the surface, and (2) the bind-
ing of copper to the cysteine surface does not change the apparent charge
of the surface, at least not in any signiﬁcant way.
Table 8.2 lists the values of charge transfer resistance and equivalent car-
bon chain length for CGGH-modiﬁed electrodes. The table shows data for
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Figure 8.5: Cyclic voltammagrams of the L-Cysteine modiﬁed surface in buﬀered elec-
trolyte before and after a 20-minute copper ion accumulation. Very clear copper oxidation
and reduction peaks appear after the Cu2+ ions are bound to the surface. Electrolyte:
0.2 M KNO3 and 0.1 M H2PO4 (pH 6).
Table 8.1: Impedance spectroscopy results for L-cysteine modiﬁed electrodes.
Calculated Actual
R¯ct σRct Carbon Chain Carbon Chain
Surface Ω Ω Length Length
Au 314 - n = 0 n = 0
Au+Cys 36 8 n = −2.1 n = 3
Au+Cys+Cu 35 5 n = −2.1 n = 3
two diﬀerent rounds of EIS measurements. These were performed on two
diﬀerent batches of electrodes, and the diﬀerence in Rct values for the same
surfaces is attributed to variations in microfabrication.
There is a very large increase in Rct, again indicating a severe hindrance
to electron transfer, implying CGGH was successfully immobilized on the
electrode surface. Unlike the Cysteine layer, however, we see a change in
the Rct with the addition of Cu2+ ions to the CGGH layer. If we interpret
this as electron tunneling through a simple alkanethiol monolayer, as we
did in chapter 7, the results seem to contradict our understanding. If the
immobilized CGGH molecule coordinates to the Cu2+ ion as expected from
literature [15,25,140,175–179,181,185], depicted in ﬁgure 8.2, then the fold-
ing should cause a decrease in monolayer height. This would decrease the
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tunneling distance between the solution and the electrode surface, which
should in turn decrease the measured charge transfer resistance. This is en-
tirely contrary to what is observed.
Table 8.2: Impedance spectroscopy results for CGGH modiﬁed electrodes.
Calculated Actual
R¯ct σRct Carbon Chain Carbon Chain
Surface Ω Ω Length Length
Au1 1.5× 102 - n = 0 n = 0
Au+CGGH1 3.1× 104 2× 103 n = 5.1 n = 13
Au+CGGH1 8.4× 104 6× 103 n = 6.0 n = 8
Au2 6.8× 102 - n = 0 n = 0
Au+CGGH2 1.5× 105 4× 104 n = 5.1 n = 13
Au+CGGH+Cu2 2.2× 105 5× 104 n = 5.5 n = 8
Au+CGGH+Cu,
after EDTA2 1.0× 105 4× 104 n = 4.8 n = 13
1The ﬁrst round of CGGH and Cu2+ measurements.
2A second round of measurements were made to test
regeneration by EDTA.
There are two eﬀects to consider here. First, recall the eﬀect of positively
charged groups decreasing the charge transfer resistance, as in table 8.1 and
ﬁgure 7.3. The sequence for the CGGH molecule, Ac-Cys-Gly-Gly-His-OH,
indicates that the N-terminal on the Cys residue is neutralized by an acetyl
group, and leaving the active carboxyl group at the C-terminal on the His
residue free. There are also amine and carboxyl groups along the peptide
backbone, the charges of which could contribute to a large decrease in Rct.
However, based on what was seen in chapter 7, even a single protonated
amine group can cause a massive decrease in charge transfer resistance, and
at pH 6 we don’t expect the carboxyl groups to decrease Rct signiﬁcantly
either.
A more likely interpretation of the results comes from considering a sec-
ond eﬀect. The CGGH molecule is not a slim, straight alkanethiol chain-like
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molecule. It is a peptide, with functional groups hanging oﬀ the side, and
thus will not form a dense, well packed monolayer. Instead there are likely to
be large holes in the monolayer, or at least very common defects where the
solution is either in direct contact with the electrode surface, or the tunnel-
ing distance is far less than the estimated 13 carbon bonds from the surface,
which would account for the apparent carbon chain length of n = 5.1, simi-
lar to the work of Diao et al. [146]. Then, upon coordinating to the copper
ions, the peptide folds, decreasing in height, but also ﬁlling in defects and
becoming more dense, which would increase the tunneling resistance felt by
the electrons, manifesting itself in an observed increase in charge transfer
resistance as observed. For comparison, this can be interpreted as a carbon-
chain-length value (n = 6.0 and 5.5) closer to the expected for a folded
CGGH molecule (n = 8). The same concept of a folding peptide altering
the access of a redox probe to the electrode surface (thus changing electron
transfer characteristics) has been observed by Chow and Gooding [140].
Finally, during the second round of impedance measurements, EDTA was
introduced to remove the Cu2+ ions from the CGGH molecules. Being an
incredibly strong chelator, EDTA is capable of pulling metal ions from other
coordination schemes, even ones with a high aﬃnity such as the Cu-GGH
system [130, 185]. The EDTA reduces the charge transfer resistance to a
value below that of the freshly formed CGGH monolayer. This indicates
that, while the monolayer still appears to be mostly present (the order of
magnitude Rct remains the same) it has been altered somehow. Further tests
are required to investigate if the CGGH monolayer has maintained its func-
tionality and is still capable of generating a reaction to bound copper.
QCM Measurements
Quartz crystal microbalance measurements were conducted to observe the
reaction of the peptide to copper ions in real-time. The electrochemistry
setup used so far was incapable of introducing any type of ﬂuid ﬂow, thus
real-time monitoring of charge transfer resistance was not possible. The Q-
Sense E1 QCM-D system was thusly employed to monitor binding events.
Figure 8.6 plots the reaction of the frequency (seventh overtone, f7 =
34.710905 MHz) of the functionalized crystal to 100 μM CuSO4. We ob-
served a large drift in the frequency, initially a negative drift, which evolved
to a relatively stable positive drift (f/t = 1.5 Hz/h) over the course of ap-
proximately 2 hours4. As indicated in the ﬁgure, a baseline was acquired
4It should be noted that while this drift appeared stable it continued to evolve to
towards a drift of f/t = 0 Hz/h. However this was estimated to take an additional 4 hours
beyond the 2 hour baseline already performed, and, due to logistics and other issues of
practicality, such long baselines required to achieve zero drift were simply not feasible.
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under a 40 μl ﬂow of Milli-Q water. Then, at t ≈ 33 minutes, the injected
copper ion solution meets the functionalized surface causing a sudden de-
crease in frequency, ∼ 0.4 Hz drop in ∼ 18 s, corresponding to an added mass
of ∼ 1 ng, before settling into a stable negative drift of f/t ≈ −2.4 Hz/h
(occurring for as long as the copper solution was ﬂowing), with a transition
time of roughly 200 s between these two stages.
Figure 8.6: The frequency shift of a CGGH-modiﬁed QCM sensor upon exposure to
100 μM CuSO4. Note the two diﬀerent stages in the binding reaction. The ﬁrst stage
is a very fast (τ ≈ 18 s) frequency drop of ∼ 0.4 Hz, followed by a stable change in
frequency of -2.4 Hz/hour. There appears to be a short transition between these two
stages of approximately 200 s.
This long term stable drift that occurs with ﬂow of the copper solution
appeared to continue without end, as long as the ﬂow was sustained. Simi-
lar experiments were conducted with the copper solution ﬂowing overnight
(8 hours) and the drift remained constant during the entire duration. At
such a high concentration, and in a complex with such a high aﬃnity con-
stant, we would expect the binding to be very fast, on the order of seconds
or minutes [25]. We believe the initial sudden drop in frequency is the ion-
peptide coordination event. Additionally, since the QCM crystal surface is
ﬁnite and, subsequently, so is the number of CGGH molecules, the signal
due to Cu-CGGH binding should saturate at some point. Thus, this con-
stant drift occurring with copper solution ﬂow should not be indicative of
ions coordinating to the peptide, and must be the result of some other ac-
cumulation. The noise in the frequency signal is on the order of ∼ 0.4 Hz.
While this makes these results not very quantitatively reliable we are still
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able to make qualitative observations and gain the conﬁrmation of peptide
functionality that we sought at the outset of this experiment.
Figure 8.7: The change in the dissipation of resonator energy due to the copper-peptide
binding event. Notice the brief, slight decrease in dissipation, on the same time scale as
the sharp drop in frequency from ﬁgure 8.6, immediately following the injection of copper.
Again, similar to the frequency response, there is then a steady drift increasing dissipation
following the initial response. This drift continues as long as copper solution ﬂows.
Figure 8.7 plots the dissipation of energy of the crystal corresponding to
the frequency plot in ﬁgure 8.6. A decrease in dissipation value means that
less energy is dissipated per cycle, which is a result of the adsorbed layer
becoming more rigid and thus more strongly coupled to the surface. This
increase in rigidity, or density, due to the peptide coordinating to copper is
consistent with what we observed in the impedance measurements, where the
Rct increased after the peptide folded around the copper ion, thus becoming
more dense. The positive drift, as with the frequency, must correspond to
some molecular deposition other than the peptide-ion binding events, since
it decreases surface rigidity.
The goal behind using QCM was to observe the real-time binding of ions,
but also to investigate if the surface could be regenerated by applying a
chelating solution, namely a solution of 5 mM EDTA. Figure 8.8 plots the
frequency shift (black) and energy dissipation (gray) responses to a sequence
of solutions. As seen in ﬁgures 8.6 and 8.7, there is a small instant decrease in
both frequency and dissipation signals, followed by the drift due to the ﬂow
of the 100 μM copper solution induces the stable drift. Around t = 60 min-
utes a ﬂow of Milli-Q replaced the ﬂow of copper ions. A drift similar to, but
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slightly steeper than that observed during the Milli-Q baseline is seen with
this second Milli-Q ﬂow. At t = 85 minutes a ﬂow of 5 mM EDTA is intro-
duced, which causes both signals to spike in the direction of the copper-free
signal, almost reaching the same value, before the EDTA takes its own eﬀect
on the frequency and dissipation response. The high concentration of EDTA
is felt as a change in the viscoelasticity of the ﬂuid, manifesting itself in the
altered but relatively stable values (compared to the drift occurring under
a copper ﬂow) in both signals. This is supported by observing the signals
when a Milli-Q water ﬂow is re-introduced, which returns the values to that
of the copper-free signals, taking into consideration the drift and how it has
evolved over the course of the experiment.
Figure 8.8: The frequency (black) and dissipation (gray) responses of a CGGH-
functionalized QCM crystal surface.
Although the CGGH surface appears to have been restored to its copper-
free state, observing the frequency and dissipation signals return to their
pre-copper value does not necessarily indicate that the surface has been
regenerated. For evidence to support this we subjected the same CGGH-
modiﬁed crystal to another ﬂow of 100 μM CuSO4. In ﬁgure 8.9 the fre-
quency (black) and dissipation (gray) responses of the CGGH-functionalized
QCM crystal to copper and EDTA solutions, as plotted in ﬁgure 8.8, but
with a second round of exposure to copper and EDTA. The second copper
exposure (ﬁgure 8.9, region 6) is 35% longer than the ﬁrst copper exposure
(region 2), resulting in a larger frequency drop caused by the constant drift.
It should then be noted that, despite this larger frequency shift, the second
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Figure 8.9: The frequency (black) and dissipation (gray) signals of the same QCM crystal
from ﬁgure 8.8, now showing the two exposures to copper ions, follow by a two exposures
to EDTA. The underlined numbers label regions of resonator behavior.
EDTA exposure (ﬁgure 8.9, region 8) behaves in the same manner as the
ﬁrst EDTA exposure (region 4), both how the initial spike almost reaches the
copper-free frequency value, and that the EDTA-dominated frequency is the
same in both regions 4 and 8, taking the evolving drift into consideration.
The dissipation signal also shows congruence between the two rounds of ex-
posure. The magnitude of dissipation due to EDTA (regions 4 and 8) are the
same, and the initial spike following EDTA introduction almost reaches the
copper-free value both times, as in the frequency signal. Finally, as with the
frequency signal, the copper-free surface under the Milli-Q ﬂow shows the
same value for dissipation when the surface is fresh (region 1), regenerated
once (region 5), and regenerated twice (region 9).
For comparison between rounds of exposure, the values for the slopes in
each region for both the frequency shift (black) and energy dissipation (gray)
are estimated as a straight line (within the region) and tabulated in table 8.3.
8.2.3 Conclusion
The objective of the work in this chapter was to identify two diﬀerent
molecules to capture a metal ions, Cu2+, for eventual use in the cantilever
system. The amino acid L-Cysteine was chosen since it is a prototypical
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Table 8.3: Summary of the slopes of the frequency and dissipation signals in each region,
from ﬁgure 8.9.
Slope
Region Flow Frequency Dissipation
Number Solution Hz/h ×10−6/h
1 Milli-Q water 1.5 -0.1
2 100 μM CuSO4 -2.4 1.3
3 Milli-Q water 1.0 -0.3
4 5 mM EDTA 0.6 0.2
5 Milli-Q water 1.1 0.1
6 100 μM CuSO4 -2.2 1.2
7 Milli-Q water 1.1 -0.7
8 5 mM EDTA 0.5 0.3
9 Milli-Q water 0.9 0.0
SAM for metal sensing, as found in literature. The custom peptide Cys-Gly-
Gly-His was fabricated to behave as our folding capture molecule, chosen
since the Gly-Gly-His peptide is well known to capture copper (II) ions in
the same way, and with the same strength as the copper transport proteins
in human serum albumin. A functionalization protocol was developed and
investigated to ensure that the monolayers had been formed, and that they
were binding copper as expected. The attachment of the cysteine monolayer
was conﬁrmed by CV and EIS, and the capture of copper was conﬁrmed by
a CV in clean phosphate buﬀer after a short accumulation time in a copper
ion solution.
The immobilization of the CGGH monolayer and its binding of copper was
conﬁrmed by CV and EIS as well. Quartz crystal microbalance experiments
were used to observe the binding of copper in real-time, and to conﬁrm that
the CGGH monolayer could be regenerated and used again after the bound
copper ions were removed by EDTA. The CGGH monolayer appeared to
retain its functionality after regeneration. These two layers will be applied
to the cantilevers which will be fabricated in future chapters.
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8.3 Further Development of Chelating Peptides
Although chosen as our proof-of-concept target ion, copper is a relatively
benign metal, having very minor eﬀects at only very high concentrations
(∼ 2 mg/l). Arsenic contamination of drinking water poses a much greater
threat, both in the number of aﬀected areas worldwide and the severity of
side eﬀects, which include dermal lesions and various cancers [1]. As men-
tioned in section 8.1.2, diﬀerent metals have diﬀerent binding aﬃnities for
not only chemical groups, but the arrangement or coordination of those
chemical groups as well. Since arsenic toxicity occurs in a similar manner
to other metals (substitution in proteins, disruption of function) we can use
this to design a chelator to selectively bind the As3+ ion. This ﬁnal section
describes the ﬁrst steps taken to produce such a peptide, as well as consid-
erations for further development of selective molecules.
8.3.1 Peptide Design
Arsenic Binding in Biology
Studies on the metal-binding sites of certain proteins have been conducted
in order to better understand the routes and eﬀects of metal toxicity [6,
171,186]. This knowledge has then been leveraged in the design of synthetic
molecules to bind metal ions [172–174, 187]. Similarly, arsenic toxicity has
been investigated by observing its binding sites in human [7,8,188–191], and
animal [192] proteins. The trivalent ion As3+ is found to be the more toxic
than the pentavalent form [7,190], and As3+-binding sites on proteins share
the feature of having two or three thiol (-SH) groups very closely spaced to
facilitate coordination [8, 188,189,191].
Custom Peptide: CCCC
Based on literature describing arsenic coordinating to thiol groups in pro-
teins, as well as the advice of a consulting collaborator5 from the University
of Copenhagen’s Faculty of Life Sciences (KU Life), it was decided to use a
short chain molecule with three free thiol groups. This suggestion was modi-
ﬁed to ﬁt with our peptide-based chelator methodology, resulting in the pep-
tide sequence Cysteine-Cysteine-Cysteine-Cysteine (CCCC). This sequence
was meant to be immobilized on the gold surface via a terminal Cys-residue,
and provide three free thiol groups to selectively capture As3+. However, this
posed an immediate problem. In CGGH the free thiol was bound to the gold,
5Professor Lars Bo Stegeager Hemmingsen, Department of Basic Sciences and Envi-
ronment/Bioinorganic Chemistry, KU Life
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and the rest of the peptide remained free for binding copper, since the nitro-
gen groups have very low aﬃnity for the gold surface. In the case of CCCC,
the As3+-binding site (i.e. the thiol groups) also have a very high aﬃnity for
the gold surface. Use of the immobilization protocol used for CGGH would
result in all four Cys-residues in the CCCC-tetrapeptide being bound to the
gold surface, making the peptide unable to bind arsenic ions at all.
A solution was provided by a collaboration with a group in DTU Chem-
istry6. They presented the scheme illustrated in ﬁgure 8.10. The CCCC
peptide has three of its four thiol groups protected with triphenylmethane
(trityl, Trt) groups, leaving only one thiol group free on a terminal Cys
residue to be bound to a gold surface. Once the protected peptide is im-
mobilized on the gold the trityl groups can then be removed using triﬂuo-
roacetic acid (TFA). This would then leave us with an immobilized peptide
with three free, closely-spaced sulfur groups to bind As3+ ions.
Figure 8.10: The Cys-Cys-Cys-Cys peptide. The scheme presented by Associate Professor
Thomas Eiland Nielsen and Dr. Katrine Qvortrup involved protecting the thiol groups that
were to be the As3+ binding site (top left). Once the remaining free terminal thiol was
anchored to the gold (top right), the protective trityl groups could be removed (bottom),
leaving a surface bound peptide with three free thiol groups for binding As3+ ions.
6Associate Professor Thomas Eiland Nielsen, Organic Chemistry and Chemical Biology,
and Postdoctoral Fellow Katrine Qvortrup
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8.3.2 Discussion
The CCCC peptide was produced by Katrine Qvortrup at DTU Chemistry
and immobilized onto electrodes as advised. A solution of 95% TFA was
used to removed the trityl groups as is common practice in organic chem-
istry. Following the same screening methodology as for the L-Cysteine and
CGGH monolayers, the CCCC peptide was subjected to EIS before and af-
ter removal of the trityl groups and the addition of As3+ ions. The charge
transfer resistance (Rct) of the electrode surface dropped signiﬁcantly after
the application of TFA to remove the trityl groups. It was conﬁrmed, by
using CGGH as a control, that the TFA solution was not simply removing
the peptide from the surface. Thus, the large decrease in charge transfer re-
sistance must be due to the removal of the large trityl groups, which would
make the monolayer less dense and increase electron transfer kinetics.
Arsenic (III) ions were applied to the de-protected monolayers, but this
resulted in no change in charge transfer resistance. X-ray photoelectron spec-
troscopy revealed that all sulfur atoms in the monolayer were bound to gold
after trityl-group removal, i.e. there were no free thiols for As3+ ions to
bind. Upon removal of the trityl groups the SH ligands must have become
attached to the gold surface where they remained thereafter. These results
led us to the conclusion that, while suitable in the case of CGGH, this sim-
pliﬁed, all-in-one peptide technique may not be amenable to all metal ions.
8.3.3 Outlook: Surface-Bound Chelation
Clearly constructing a new and highly-selective capture molecule for As3+
is not as simple as stitching together four amino acids. The main fault with
applying the methodology above was the fact that both the immobilization
surface and the target ion have high aﬃnities for thiols. There are two so-
lutions to this problem. One possibility is the use of a diﬀerent electrode
material that does not have an aﬃnity for thiols, such as graphite. The sec-
ond solution involves separating the thiol-rich As3+ binding site from the
gold surface [193]. While this will most likely result in a more complex two-
stage functionalization protocol (compared to the CGGH peptide) it will
remove the problem of the receptor binding to the substrate before it can
bind the analyte.
While peptides oﬀer ﬂexibility and modularity in design, they may not
provide the desired selectivity in certain cases. Crown ethers are cyclic
molecules which can be tailored in size, as well as type and number of
functional groups, thereby making them highly-selective receptors for metal
ions [129,194]. By controlling not only what chemical groups are present but
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also where they are placed, one could design a molecule that could discrim-
inate ions with similar chemical aﬃnities by size, i.e. the metal ion would
have to match with the ligands present, the coordinating structure, and the
atomic radius to correctly bind with the crown ether. Further development of
ion-selective monolayers would greatly beneﬁt from exploring crown ethers,
especially if performed in collaboration with an expert in the ﬁeld7.
7Lars Bo Stegeager Hemmingsen from KU Life, who also suggested crown ethers for
such a purpose during one meeting, is one such expert.
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Chapter 9
Design & Fabrication
With an ability to reliably clean gold and having identiﬁed functional lay-
ers for capturing metal ions we turn to the development of the platform
itself. As mentioned in chapter 4 several groups have built cantilever setups
for conducting electrochemical cantilever measurements, but such a system
did not exist at DTU Nanotech. The electrochemical-cantilever systems re-
ported in literature are typically composed of large, discrete components,
and sealed into a liquid cell using wax or epoxy, and many have electrical
connection to only one cantilever. The diﬃculty associated with having to
make electrical connection to a cantilever inside a sealed cell is obviously
quite diﬃcult, especially when coupled with the need for optical access and
a ﬂuid ﬂow.
This chapter describes the design and fabrication of an electrochemical-
cantilever (ECC) chip and the encapsulating ﬂow cell. The chip was designed
to provide individual electrical access to multiple cantilevers in a sealed liq-
uid environment and all working, reference, and counter electrodes were
to be integrated into a microchannel on a single chip. Further, since the
Nanoprobes lab contained several systems capable of optically measuring
static deﬂection, the ﬂow cell was designed to be compatible with these.
Ease of assembly and part replacement were also considered in the design,
and it was decided that no glue, epoxy, wax, or other sealing agent would be
used. The fabrication process visualized initially was optimized to produce
a robust and reproducible chip in a streamlined process1.
1Bachelor students Karl Elkjær and Christoﬀer Pedersen performed the bulk of the
process optimization and were responsible for fabricating several iterations of the ﬂow
cell, as well as initial leak and electrical testing. Their contributions to this project were
invaluable.
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9.1 Design Considerations
9.1.1 The Chip
Several aspects of operation and assembly must be considered which, when
taken together, will dictate the form of the ﬁnal chip design2. While these
aspects may overlap or be interdependent, their considerations have been
divided into the three primary features of the chip: cantilever parameters,
chip material, and ﬂuid handling. Several alternative designs and processes
were investigated along the way. For clarity only the design and fabrication
of the ﬁnal chip is presented in the main body of this chapter. Notable al-
ternatives investigated are contained in section 9.3.
Cantilever Parameters
The dimensions of the cantilevers will aﬀect the ultimate sensitivity of the
device via the spring constant. This is primarily dictated by the thickness
and length of the cantilever (see equation 2.1). However, if the cantilever is
too sensitive it will be less likely to survive wet processing (i.e. wet etching,
chemical modiﬁcation). Typical lengths for silicon [19, 24, 40, 45, 195, 196]
and polymer [197,198] cantilevers used in literature are 300 μm to 500 μm.
Since the eﬀects of the fabrication process on yield and the levels of stress
to be measured were largely unknown at this point, this range of cantilever
lengths was a reasonable starting point.
A second concern regarding cantilever structure is the pitch, or oﬀset be-
tween each cantilever in an array. Again, from literature [19, 24, 40, 45, 195–
198] the typical pitch is 250 μm. The laser spot size in the systems for which
these cantilevers are intended (roughly 50 μm to 100 μm in diameter) will
have a bearing on the cantilever pitch as well. Suﬃcient space must exist
between cantilevers to ensure the reﬂection from only one cantilever is con-
tributing to the signal measured. A pitch of 250 μm was selected since it
leaves a space twice as wide as the laser spot between the cantilevers.
Electrode Parameters
Metal electrodes will be fabricated on the top surface of the cantilevers so
each one may function as a working electrode. Additionally, so that each
cantilever may function as a working electrode (either simultaneously or se-
quentially) two large area electrodes (200 × 1000 μm2 each) were included
2As of writing this chip design is being used as a basis for the experiments conducted
by Ph.D. student Xueling Quan and Assistant Professor Maria Tenje.
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in close proximity to the cantilevers to act as reference and counter elec-
trodes. These were designed to be made of the same material as the working
electrodes, with the intention that further design and fabrication iterations
would see a Ag/AgCl pseudo-reference electrode integrated3.
Electrical contact was required from the cantilever electrodes to the po-
tentiostat. From the work in section 5.2.1 simple mechanical contact was
known to be a reliable and reproducible way to create a connection, and
made switching chips quick and easy. Conductive pastes and epoxies, while
capable of forming excellent contact, take signiﬁcant time to prepare and
make the chips diﬃcult to reuse. With simple mechanical contact the chips
remain undamaged and free from contaminants, and can then be functional-
ized again or reused in other ways. Spring-loaded, gold-plated connectors, or
”pogo pins” (Mill Max part nr. 0900-0-00-00-00-00-11-0), seen in ﬁgure 9.1
were ordered for this purpose. The contact pads for the cantilevers will then
be located suﬃciently far from the cantilevers (∼ 5 mm) to avoid interfering
with the optical-lever interrogation method. Contact pads were chosen to
be 1.2 × 1.2 mm2 and spaced at a pitch of 2.5 mm, to allow easy access
and avoid unwanted contact between adjacent pogo pins. This led to ﬁt a
maximum of six cantilever electrodes per chip (see reasons for chip size in
the considerations for materials).
Figure 9.1: A photograph of the spring-loaded, gold-plated connectors, or ”pogo pins”,
used to make electrical connections with the contact pads on the ECC chips. Insulated
copper wiring was soldered to one end, to be connected to a potentiostat, while the other
end was pressed to the on-chip contact pads. The contact point is spring loaded with
∼ 1 mm of travel, which ensures that the gold-plated pin is always making a connection.
3Integration of a Ag/AgCl reference electrode was never accomplished in this project
for two reasons: (1) the gold reference/counter electrode functioned well enough for the
experiments that were performed (i.e. no analytical electrochemistry), and (2) using only
one type of metal for all electrodes on the chip made the process very simple, and it was
decided to not spend further time modifying the process until it was deemed necessary.
L. M. Fischer 89
Section 9.1.1
Chip Material
First, carrying on from the considerations for cantilever parameters, the ma-
terial of the cantilever will have a signiﬁcant eﬀect on its spring constant
(see equation 2.1). Second, since these cantilevers will also need to somehow
support an applied potential and carry a current the materials electrical
conductivity is an issue, as well as the ability to electrically isolate each
cantilever from the other. Third, the chemical reactivity of the materials
comprising the entire chip must be considered. For example, polymer can-
tilevers are prone to swelling and drifting in liquid environments [197, 198],
and are more susceptible to being dissolved or damaged by solvents, and
thus would not be a good choice for our application.
A novel and interesting solution is all-metal cantilever structures [199–
203]. To achieve the highest sensitivity one could remove the silicon can-
tilever and work exclusively with the metal layer, which would still provide
electrical conductivity. This avenue was investigated in collaboration with
the University of Alberta and the National Institute for Nanotechnology,
Canada4, and results are summarized in section 9.3.1.
Silicon nitride is chemically inert against solvents and many acids [110],
and is a standard cantilever material choice. Its high etch resistance means
it can also be used as a masking layer, and can thus be used to deﬁne the
structure of the body chip. Through low-pressure chemical vapor deposi-
tion (LPCVD) very uniform layers of silicon nitride can be formed over a
wide range of thicknesses (∼nm to ∼ μm), allowing sensitivity to be tuned.
Silicon nitride is an electrical insulator, meaning patterned metal electrodes
(Au on Cr) will remain electrically isolated from each other. Thus low-stress,
silicon-rich silicon nitride was chosen as our cantilever and masking material.
The obvious choice for body chip material is single-crystal silicon. Wafers
are readily available, easily machined, and silicon is chemically inert in the
anticipated environments. The minimum size for the chips was limited by
the need to keep the contact pads far (∼ 5 mm) from the ﬂow channel, and
that six cantilevers (with accompanying contact pads and spacing) must be
included as well. Wafer size and number of chips per wafer limited the maxi-
mum chip size to 15×15 mm2, arrived at through several iterations of wafer
organization. A single wafer could ﬁt 16 of these chips, 5 of each cantilever
length, plus one experimental design.
4Contacts for this collaboration were Professor David Mitlin (Chemical and Materials
Engineering) and Ph.D. student Erik Luber.
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Fluid Handling
Due to issues of sealing around the electrical contacts, ﬂuid ﬂow was di-
rected through the chip itself instead of placing the entire chip into the ﬂow,
as done by Lang et al. [19]. The channel was kept linear for the sake of sim-
plicity, and to reduce corner complications when using a KOH etch [204].
The inlet and outlet were kept far from the cantilevers to reduce chances
of turbulence caused by entering or exiting ﬂuid. The size of the chip was
basically determined through a combination of cantilever parameters and
chip-per-wafer yield, so this size was kept and the inlet and outlet holes
were placed accordingly. Cantilevers were placed on one side of the channel
and the counter/reference electrodes on the other. The channel in the chip
was designed to be completely etched through the wafer to minimize the
possibility that any cantilevers would succumb to capillary forces and stick
to the bottom of the channel. Encapsulation of the channel is discussed fur-
ther in section 9.1.2.
The Final Design
Figure 9.2: A schematic of the ﬁnal chip design, ECCv2.1n. The chip incorporates six
cantilevers and two reference/counter electrodes. Note that while the ﬂuid inlet and outlet
are labeled in this illustration, both holes in the chip may act as either inlet or outlet.
(Color scheme: light gray = silicon nitride, dark gray = metal)
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Figure 9.3: A schematic of the cantilevers in the channel region, a close-up from ﬁgure
9.2. The channel is 1-mm-wide, 3.5-mm-long, and houses the six cantilevers and two ref-
erence/counter electrodes. (Color scheme: light gray = silicon nitride, dark gray = metal)
All of the above considerations have been combined to create the ﬁnal
electrochemical-cantilever chip design, seen in ﬁgure 9.2, dubbed ECCv2.1n
(version 2.1, using silicon nitride cantilevers). Each chip is 15×15 mm2, with
the six 1.2 × 1.2 mm2 cantilever electrode contact pads spread across the
width of the chip to allow easy contact without interfering with each other.
Two more contact pads above the channel provide a connection to the ref-
erence/counter electrodes. The six cantilevers are housed in the 1-mm-wide,
3.5-mm-long section of the channel, seen in ﬁgure 9.3. Each chip contains
six identical cantilevers, and ﬁve chips per wafer contain cantilever lengths
of 300, 400, and 500 μm which, if built from 500-nm-thick silicon-rich silicon
nitride, were predicted to have spring constants of 18, 8, and 4 mN/m. Each
cantilever is 50 μm-wide with a pitch of 250 μm.
9.1.2 The Flow Cell
The ﬂow cell was designed to encapsulate the ECC chip and complete the
microﬂuidic channel by sealing it with a top and bottom. The layout of the
chip dictated the dimensions of the internal features of the ﬂow cell, while
its outer form was governed by the optical readout systems into which it was
to ﬁt. Here we consider two aspects of the ﬂow cell: the general operating
principle, and the materials from which it is to be machined.
Cell Conﬁguration
The stacked layer design for the cell was inspired by similar setups created
by Dr. Nadine Noeth [205], and Marco Gru¨neﬂed [206] during their thesis
projects. Through stacking, a series of planar geometries were used to create
a three-dimensional ﬂow path leading into the cell (via tubing), to the ﬂuid
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inlet on the chip, through the channel past the cantilevers, to the ﬂuid out-
let on the chip, visualized in ﬁgure 9.4. The ﬂuid enters and exits the chip
from the back side, i.e. the bottom of the cell. This conﬁguration allowed
all ﬂuid handling to be done on the back side of the chip, leaving the front
unobstructed for cantilever interrogation by the optical lever method.
Figure 9.4: A diagram illustrating the path of ﬂuid ﬂow in the ECC chip and ﬂow cell.
It was decided to clamp the chip between several layers for sealing. Fluid ﬂows up from
under the chip into the inlet, then across the cantilevers to the outlet, where it ﬂows down
and out of the cell. The ”front elevation” is a cross-sectional view taken at the gray dotted
line in the ”top elevation”.
While the previously cited ﬂow cells were held together by nuts and bolts,
the ﬂow cell in this work was held together by metal spring clips. These
could be set to a certain optimized pressure and left at this setting. This
allowed less time to be spent fastening and unfastening nuts to mount and
dismount chips, and less time spent fastening nuts to the correct pressure
for proper sealing.
Materials
In a similar fashion to the previous ﬂow cells constructed at DTU Nan-
otech [205, 206] the materials of choice were poly(methyl methacrylate)
(PMMA) and poly(dimethylsiloxane) (PDMS). Both materials are chemi-
cally inert enough for the solutions that will be passed through the cell, and
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both can be easily machined via an in-house laser cutting system. Sealing
between the PMMA and ECC chip was accomplished by PDMS gaskets,
which are soft enough to deform under the applied pressure and create an
airtight seal [207,208]. Further, sealing the system with PDMS gaskets and
pressure applied by spring clips meant that no epoxy at all was used in
the system. Finally, it was predicted that, due to a propensity to scratch-
ing and scuﬃng, PMMA would be a poor choice of optical window. Thus,
the section of PMMA over the cantilevers was replaced with a pyrex window.
9.2 Fabrication
9.2.1 ECC Chip Fabrication
A detailed process ﬂow with parameters is available in appendix B. The
fabrication started with a clean 100 mm (100) single crystal silicon wafer,
375 μm thick (doping was unimportant). A low-pressure chemical vapor de-
position (LPCVD) furnace (Tempress LPCVD nitride furnace) was used to
create a 515-nm-thick (veriﬁed by a Filmtek elipsometer) silicon-rich sili-
con nitride thin ﬁlm on both sides of the substrate. Using standard pho-
tolithography techniques (Karl Su¨ss aligner, AZ5214E dual-tone resist, 2.2-
μm-thick) the ﬁrst mask (ﬁgure 9.5(a)) was used to deﬁne the cantilevers
and the body chip on the top side of the wafer. This pattern is then reac-
tive ion etched (RIE, STS Cluster system) through the entire depth of the
silicon nitride to reach the substrate (ﬁgure 9.5(b)). A similar mask (minus
cantilevers) is used to pattern the channel and body chip on the wafer back
side (ﬁgure 9.6(a)) using the same photolithography, while the same etch is
used to remove the desired nitride from the back side (ﬁgure 9.6(b)).
A third photolithography step was used to create the pattern for the metal
electrodes (ﬁgure 9.7(a)). The pattern was created as holes on top of the ni-
tride, into which the metal layer was electron-beam evaporated (Wordentec
QCL 800). A 20 nm Au layer was deposited on top of a 2 nm Cr adhesion
layer, followed by a 20 minutes in acetone with sonication to remove the
resist, leaving behind the patterned electrode layer (ﬁgure 9.7(b)).
The ﬁnal step in the fabrication process is the removal of the silicon sub-
strate to release the cantilevers and create the channel. The wafer was placed
in heated potassium hydroxide (KOH, 500 g/l, 80 ◦C) for 3 hours to etch
completely through the wafer from both sides (ﬁgure 9.8(b)). Since the chan-
nel is opened by an anisotropic KOH etch [209,210] the edges of the channel
must be properly aligned not only to each other on the front and back sides,
but to the crystal lattice as well. The chip bodies were released as well dur-
ing the KOH processing, but were held in place by 500 × 500 μm2 pieces
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of silicon at both bottom corners, which can be easily broken to pull single
chips out of a wafer.
(a) (b)
Figure 9.5: After LPCVD deposition of the silicon-rich silicon nitride, the cantilevers
and channel are deﬁned by a mask (a) and reactive ion etched (b).
(a) (b)
Figure 9.6: The channel must also be deﬁned on the back side of the wafer by a mask
(a) and etched (b) in the same way as ﬁgure 9.5.
Following the KOH etch the wafers were rinsed in still, fresh deionized
water (four baths, 5 minutes each). The wafers were then placed in 95%
ethanol brieﬂy (< 1 minute) and set in a 120 ◦C oven to quickly evaporate
the solvent. The fabricated cantilevers, with the dimensions and material
parameters as described above in this section, emerged from this fabrication
process with nearly 100% yield, i.e. all cantilevers on all chips are free, re-
leased, and standing.
The ﬁnished chip is shown in ﬁgure 9.9. The contact pads to the six
cantilever electrodes and two contact pads are clearly visible at the bottom
and top of the photograph (ﬁgure 9.9(a)), respectively. Wires lead from the
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(a) (b)
Figure 9.7: The electrodes and contact pads (a) are patterned in resist, with an electron
beam evaporation being performed to deposit the metal layer (b).
(a) (b)
Figure 9.8: The silicon substrate is removed from beneath the cantilevers using an
anisotropic KOH wet etch to form the ﬁnished ECC chip ((a) illustration, and (b) process
ﬂow view).
contact pads along the chip surface to the electrodes at the channel edge,
which can been seen more clearly in the SEM image in ﬁgure 9.9(b).
Cantilever Thickness Optimization
The thickness of silicon nitride for the ﬁnal chips was decided to be 515 nm
after a brief optimization. A number of diﬀerent thicknesses of nitride were
tested for yield. Chips will be used rapidly, and time to return to the clean-
room and fabricate new batches must be taken from time in the lab running
tests. Thus, the nitride thickness that would deliver the highest yield was
sought out.
Silicon-rich LPCVD silicon nitride was deposited on one wafer each at
thicknesses of 120 nm, 247 nm, and 515 nm, while 59 nm stoichiometric sili-
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(a)
(b)
Figure 9.9: The ﬁnished electrochemical-cantilever chip. (a) In this photograph the con-
tact pads for the six cantilever electrodes (bottom) and two reference/counter electrodes
(top) are clearly visible, with wires leading to their respective electrodes on the channel
edge. (b) A close-up SEM image of the channel region showing the metalized cantilevers
(bottom) and reference/counter electrodes (top).
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con nitride was deposited on yet another wafer. Cantilevers were fabricated
using the previously described process in section 9.2, with the one exception
of skipping the electrode patterning or deposition steps. The plain silicon
nitride cantilevers were released and dried in the same manner as described,
then inspected under an optical microscope. Each wafer had 5 chips of each
cantilever length (300, 400, or 500 μm) and each chip had 6 cantilevers,
totaling 30 cantilevers per length per wafer. The results of this experiment
are interpreted in table 9.1.
Table 9.1: Values of cantilever spring constants (calculated from cantilever length and
nitride thickness) used in the release yield experiment. Values are given in units of mN/m.
Cantilever Nitride Thickness
Length 102 nm 247 nm 515 nm
300 μm 0.14 2.02 18.3
400 μm 0.06 0.85 7.74
500 μm 0.03 0.44 3.96
Gray values: yield of 10% or less.
Bold values: yield of 90% or greater.
Table 9.1 presents not the yields, but rather the values of the spring con-
stants of each type of cantilever tested, then identiﬁes the approximate yield
observed for a given type. First, it should be noted that none of the can-
tilevers fabricated from 59-nm-thick stoichiometric silicon nitride could be
released. In this table of spring constants, gray values indicate cantilever
types that showed a release yield of 10% or less, while bold values indi-
cate cantilevers that had a yield of 90% or more. An important rule-of-
thumb can be generated from this table: cantilevers with a spring constant
of k ≥ 0.85 mN/m can be easily and reliably released using this process and
are very likely to survive repeated wet processing afterwards (e.g. wet chem-
ical functionalization). Since a number of wafers with 515-nm-thick nitride
had already been produced and were known to release well, this thickness
was kept for the duration of the project.
9.2.2 Flow Cell Fabrication
Figure 9.10 presents a proﬁle schematic of the ﬂow cell assembly. Two
PMMA plates clamp PDMS sealing gaskets and a pyrex window to form
the ﬂow cell. Openings beneath the cantilevers provide and inlet and outlet
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for ﬂuid ﬂow, while the optical lever method can be applied through the
pyrex window above the cantilevers to monitor deﬂection. Additional open-
ings in the top PMMA plate (to the left of the pyrex window) provide access
for the pogo pins to make electrical connections. Appendix C contains the
engineering drawings with dimensions for all parts of the ﬂow cell.
Figure 9.10: A proﬁle schematic of the ﬂow cell assembly. The ﬂow cell is comprised of
two PMMA plates clamped together around the ECC chip, with PDMS sealing gaskets
between and a pyrex window for passage of the interrogating laser. Access points for ﬂuid
ﬂow and electrical access are labeled.
Both the top and bottom PMMA plates were laser machined using a
computer controlled CO2 laser marking system (48-5S Duo Lase carbon
dioxide laser, SYNRAD Inc., USA, with a FH/Fenix 200 mm writing head).
The PMMA top plate (ﬁgure 9.11) is made from a piece of 1.5-mm-thick
PMMA, laser cut to 36×39 mm2. The central hole and recess are created by
ablating the area in successive passes of the laser. It was found that allowing
a cooling time of 20 to 30 seconds between each ablation pass resulted in
a more uniform etch depth and prevented PMMA melting and deformation
due to heat build-up. All circular holes were marked using the laser system,
and then cut to dimension using the appropriate mechanical drill bit. The
rectangular recesses on either side of the center hole were created for align-
ment purposes. When the ﬂow cell was assembled each recess would ﬁt over
the corresponding mesa structure on the bottom plate to (ﬁgure 9.12) lock
both PMMA components together.
The bottom plate (ﬁgure 9.12) was created in a similar fashion from an
8-mm-thick piece of PMMA, 36 × 50 mm2. Both the large step and the
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center recess were created by the same laser ablation technique as the top
plate, while the holes were marked and drilled accordingly. The center recess,
16× 16 mm2, aligns the ECC chip to the ﬂuid inlet and outlet, as well as to
the top plate. The mesa structures on either side of the central recess match
with the rectangular recesses on the top plate to lock the two components
together. The two holes in the central recess act as ﬂuid inlet and outlets
and are drilled and threaded to accept ﬂuidic coupling screws (MINSTAC
Fitting, The Lee Company, USA) connected to ﬂuidic tubing (FEP NAT
1520) [205].
Figure 9.11: A sketch of the PMMA top plate, shown upside-down from its appearance
in ﬁgure 9.10. The recess in the center holds the pyrex window in place, through which the
laser passes to reach the cantilevers. Holes in the plate above and below the pyrex recess
allow the pogo pins to reach the electrode contact pads. The small recesses to the right
and left of the central hole ﬁt over the protruding mesas on the PMMA bottom plate (in
ﬁgure 9.12)for precise alignment.
The optical window (ﬁgure 9.13, left) was cut to dimension from a 400-
μm-thick pyrex wafer (Disco Dicing Saw), while 300-μm-thick spin-coated
PDMS layer was laser cut into the top (ﬁgure 9.13, top) and bottom (ﬁgure
9.13, right) gaskets. The PDMS top gasket seals the pyrex window to the
ECC chip (ﬁgure 9.13, bottom), while the bottom gasket forms the seal be-
tween the chip and the PMMA bottom plate.
Figure 9.14 presents the ﬁnal assembled ﬂow cell. Figure 9.14(a) shows the
assembly order of the components described previously, while ﬁgure 9.14(b)
presents a top and side photograph of the ﬁnal assembled cell as it was used.
The spring clips applying sealing pressure to the system can be seen in the
top photograph, while the ﬂuidic tubing entering the PMMA bottom plate
is visible in the bottom photograph. Testing of this system is presented in
chapter 10.
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Figure 9.12: A sketch of the PMMA bottom plate. The recess in the center is meant to
hold the ECC chip, with a PDMS gasket in between, to assist in aligning to the ﬂuid inlet
and outlet (the two holes in the central recess). The two mesas on either side of the central
recess ﬁt into the similarly shaped pits on the PMMA top plate for precise alignment of
the two pieces. The two smaller holes at the top of the plate host the spring clips to hold
the system together, while the three larger holes anchor the bottom plate to an additional
mounting plate, which attaches to the measurement stages.
Figure 9.13: Sketches of the PDMS top gasket (top), the PDMS bottom gasket (right),
the pyrex window (left), and the ECC chip (bottom), shown together for size comparison.
9.3 Alternative Designs
A number design alternatives were investigated during the course of this
phase of the project. Two of the more interesting investigations are high-
lighted below.
9.3.1 Full-Metal Cantilevers
Theoretically, the highest sensitivity for stress sensing would be achieved
with the thinnest possible cantilever. To maximize sensitivity an all-metal
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(a) (b)
Figure 9.14: (a) An exploded schematic of the assembly order for the ﬂow cell: A -
PMMA top plate, B - pyrex window, C - PDMS top gasket, D - ECC chip, E - PDMS
bottom gasket, F - PMMA bottom plate. (b) Photos of the ﬁnished and assembled ﬂow
cell from the top and side. Notice the ﬂuidic tubing entering the ﬂow cell in the bottom
photograph.
cantilever was considered. Through the use of co-sputtered alloys, the prop-
erties of the metal could be tuned [199] to achieve an optimized material
for this application. The composition of the alloy across the thickness of
the cantilever could be adjusted so only the top surface could be chemically
functionalized (e.g. using thiol chemistry) which would still allow a stress
diﬀerential to form, causing bending.
Surface Modiﬁcation
Through our collaboration with colleagues at the University of Alberta the
alloy Au-Hf was investigated as a cantilever material. Table 9.2 shows the
results of a test of chemical functionalizability. Previous work from our col-
laborators indicated that, while the bulk of the ﬁlm possessed a composition
comparable to the nominal, the surface was prone to reorganization and mi-
gration of atoms. This resulted in a diﬀerent surface composition, and thus
would change how thiols would bind. Eight samples, two of each compo-
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sition, were cleaned (using protocol from section 7.2.1) and modiﬁed by
incubation in 5 mM 1,6-hexanedithiol (95% ethanol solvent) for 16 hours.
X-ray photoelectron spectroscopy was used to measure the atomic percent
(a.t.%) concentration of surface elements. Samples 1 and 2 are pure gold,
and served as the baseline for the test. The a.t.% of sulfur on the surface was
used to determine if the thiol molecules had been bound or not. As table 9.2
shows, samples 3 and 4 (90%Au-10%Hf) appeared to host thiol chemistry
as well as the pure gold, while samples 5 through 8 were deemed devoid
of thiol groups. This indicated that the cantilever should be designed such
that the top surface was 90% to 100% Au, with the bottom surface 50% or
more Hf to ensure only the top is functionalized to create a stress diﬀerential.
Table 9.2: Atomic composition of the Au-Hf alloy surface, and the amount of thiols
bound to the surface, determined by XPS.
Nominal Composition Measured a.t.% Composition
Sample % Au % Hf Au Hf S C O
1 100 0 43.5 0 7.1 47.4 2.0
2 100 0 45.1 0 7.2 45.6 2.1
3 90 10 38.9 2.0 7.4 48.7 3.0
4 90 10 37.7 1.9 7.0 50.0 3.4
5 50 50 6.0 20.0 0 34.1 39.9
6 50 50 0* 22.2 0 36.4 41.4
7 0 100 0 22.8 0 34.9 42.3
8 0 100 0 22.4 0 36.3 41.3
*Indicates values of low conﬁdence.
Fabrication Issues
The back side mask of the ECC process (ﬁgure 9.6(a)) was applied to both
sides of a nitride wafer, resulting in the channel being deﬁned on the wafer
front and back, without cantilevers. A suitable Au-Hf alloy, chosen by our
University of Alberta collaborators, was patterned using the electrode mask
(ﬁgure 9.7(a)) to create a wafer of 200-nm-thick pure metal cantilevers. The
cantilevers were then released using the same etching and drying process as
the silicon nitride cantilevers from section 9.2.1, the result of which is shown
in ﬁgure 9.15. While we were assured that there was no net stress gradient
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in the metal ﬁlm, these binary metallic alloys are known to be meta-stable
and to be aﬀected by heat. Unfortunately the 3 hours in the KOH bath to
release plus the 2-minute oven drying step proved to be too much for the al-
loy, causing a stress gradient. These alloys could not be used without radical
changes being made to the fabrication process, thus they were abandoned.
(a) (b)
Figure 9.15: SEM images of pure Au-Hf cantilevers, 200-nm-thick. (a) After the drying
process all cantilevers exhibited a severe stress gradient, causing an upwards bending. (b)
The sidewalls of the resist pattern became covered with the alloy due to lack of anisotropy
in the sputtering process, causing the edges seen in this image.
A second attempt was made at using all-metal cantilevers. Using the same
process described above for the Au-Hf alloy cantilevers, 300-nm-thick Au
cantilevers were patterned onto the wafer. As shown in ﬁgure 9.16 the can-
tilevers initially seem to have been successfully released. On closer inspection
we observe a downward bending across the width of the cantilever due to a
strong stress gradient within the gold ﬁlm. This curvature changes the bend-
ing moment of the cantilever, making it more resistant to bending along its
length. These cantilevers are unusable for our purposes.
There is one interesting observation to be made from ﬁgure 9.16(a). Potas-
sium hydroxide is known to etch along the (111) plane, vertically downward
into the (100) plane [210]. When the channel is etched from both front and
back sides, the two etch fronts will meet at the center of the wafer. Appar-
ently, after this meeting the KOH etch proceeds to ﬂatten out this point by
etching towards the channel edges. This means that, if timed correctly, a
channel with vertical sidewalls could be achieved using this etch.
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(a) (b)
Figure 9.16: SEM images of pure Au cantilevers, 300-nm-thick. (a) Initial observation
shows the cantilevers to be free standing and not curled. (b) However, upon closer inspec-
tion we notice a stress gradient in the ﬁlm causing a downward bending in the cantilevers.
The gradient is in fact causing a bending across the width of the cantilever which is aiding
in keeping the cantilever straight along its length.
9.3.2 Porous Silicon Etch Processing
The original fabrication process for the ECC chip had incorporated a porous
silicon (PS) etch technique [211] to deﬁne the channel region. A very thin
gold layer was deposited such that it formed dots or small islands rather than
a continuous ﬁlm on a silicon (100) wafer surface. The substrate was then
placed in a solution of hydroﬂuoric acid (40%), hydrogen peroxide (30%),
and ethanol (95%) in a 1:1:1 ratio for several hours. The result was the cre-
ation of a porous region everywhere the gold dots were in contact with the
silicon surface, with the pores leading vertically downward into the silicon,
as seen in ﬁgure 9.17. Once the PS had been formed it could be removed
within minutes in a KOH etch, instead of the hours needed to etch silicon
normally. Further, the pores are oriented vertically with respect to the wafer
surface, meaning removal of the PS will leave a channel with vertical side-
walls.
Trials of etching time, wafer orientation, and gold dot density led to sev-
eral conclusions. While the PS can be removed in 5 to 10 minutes in heated
KOH, the time taken to create such a porous volume (6 to 8 hours) is far
longer than that required to etch through solid Si with KOH (∼ 3 hours).
Also, due to the porosity, and the fact that the pores are not exclusively
oriented vertically meant that the side walls of the channel after KOH etch-
ing were not smooth. Seen in ﬁgure 9.17(b) the sidewalls of the channel in
which a cantilever has been fabricated are neither vertical nor smooth. This
is a stark contrast to the KOH sidewalls seen in ﬁgures 9.9(b) and 9.16(a).
A variety of other factors, including an inability to ﬁnd a suitable front side
protection layer, PS etch dust formation (a brown grit left on the wafer af-
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ter the PS process), and the overall aggressiveness of the solution led to this
process being abandoned.
(a) (b)
Figure 9.17: (a) A proﬁle SEM image of a PS etch. The gold dots have catalyzed an etch,
creating pores leading vertically downward into the silicon wafer. (b) Pure-Au cantilevers
were produced using the PS etch process. Among a number of problems, the channel wall,
seen below the cantilever, is not vertical and is quite rough. We concluded that this process
would not produce satisfactory devices.
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System Commissioning
The ECC platform, developed in chapter 9, had to be tested before any
experiments could be attempted. Protocols were established for sealing and
ﬁlling the ﬂow cell, and forming reliable electrical connections. The issue of
obtaining reliable optical alignment and performance was addressed. These
investigations were divided into three aspects: ﬂuid handling, electrical con-
tact, and optical response. This chapter describes the observations made
during the commissioning of the platform, and the development of protocols
to which they led1.
10.1 Fluid Handling
Issues of ﬂow cell sealing and ﬁlling were addressed as ﬂuid handling aspects.
Testing various methods during assembly led to protocols of PDMS treat-
ment, which greatly reduced the occurrence of sealing failure and system
leakage.
10.1.1 Sealing Treatment
Following laser cutting the PDMS gaskets were washed brieﬂy in 95% ethanol
and then rinsed liberally with Milli-Q water to remove accumulated partic-
ulate from the ablation process. Initial trials with the completed system
were conducted by simply putting the PDMS gaskets and pyrex compo-
nents into the ﬂow cell and attempting to pump Milli-Q water through.
However, this resulted in the system leaking immediately and severely from
the chip/PDMS interfaces. Treatment in a UV Ozone reactor and a corona
1Bachelor student Allan Nielsen contributed greatly to the development of the sealing
and ﬁlling protocol, as well as identiﬁed several of the major issues with alignment.
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atmospheric plasma discharge was suggested [205, 212], and through repe-
tition and observation of sealing performance a protocol was determined.
Further improvements to sealing and reduced drift were obtained by storing
the PDMS components in water between uses [205].
All components of the ﬂow cell (ECC chip, PDMS, pyrex) were assem-
bled dry, despite being stored in Milli-Q water. The following protocol was
developed iteratively and provides the best sealing of the ﬂow cell.
Sealing Protocol
1. New PDMS and pyrex components were placed in a UV Ozone reactor
for 20 minutes per side, then placed into Milli-Q water in a storage
container and let to sit for 16 to 20 hours.
2. The PDMS and pyrex components were placed in a corona atmospheric
plasma for 60 seconds per side, after drying. Following this treatment
the components were ready to be assembled.
3. Upon completion of an experiment the ﬂow cell was disassembled and
the PDMS and pyrex components were placed in Milli-Q water when
not in use.
4. Subsequent assembly and use of the ﬂow cell was accomplished by
repeating steps 2 and 3.
10.1.2 Flow Cell Operation
The ﬁlling procedure of the ﬂow cell had to be done in a speciﬁc way to
introduce the fewest bubbles into the system. The ﬂow cell was found to
seal more completely if all components (ECC chip, PDMS gaskets, PMMA
plates, and pyrex window) were assembled dry. Of particular note in the
ﬁlling protocol is the in situ soaking of the PDMS gaskets before actual
ﬁlling started. The system was connected to a syringe pump (PHD 2000
Infuse/Withdraw syringe pump, Harvard Apparatus, USA) and used exclu-
sively in pulling or ”withdraw” mode, where the syringe in the pump holds
the waste ﬂuid of the experiment. Having the seals under a negative pressure
(having water pulled from the channel rather than forced into it) was found
to preserve the seal. Again, this soaking of the PDMS gaskets before ﬂuid
pulling was initiated resulted in a drastic reduction of spontaneous sealing
failure, observed as air bubbles suddenly originating from inside the channel.
The following protocol was adhered to for the majority of the experiments
in this thesis.
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Filling Protocol
1. The ﬂuidic tubes attached to the PMMA bottom plates were ﬁlled up
to the ﬂoor of the central recess in the bottom plate.
2. The cell components were then assembled.
3. The syringe attached to the ﬂuid outlet was pressed to introduce a
small amount of Milli-Q water into the chip channel. This was left
for approximately 10 mintues, allowing the PDMS in contact with the
ﬂuid to take up water and swell.
4. The outlet syringe was placed in the pump (PHD 2000 Infuse/Withdraw
syringe pump, Harvard Apparatus, USA) and set to 50 μl/min.
Of course there were far more issues related to sealing that had to be
ﬁne tuned, but these were more a result of incomplete, improperly sized, or
damaged components rather than ﬂawed protocol.
10.2 Electrical Connections
10.2.1 Mechanical Contact
The initial conﬁguration for the electrical connections had all eight spring-
loaded contact pins (6 for the cantilevers, 2 for the reference/counter elec-
trodes) held in place by heat-cured epoxy, seen in ﬁgure 10.1. Contact pins
had wires soldered to their back side, and were then pressed through the
holes in the PMMA top plate. A heat-curable epoxy was applied to the out-
side of the top plate, which both held the pins in place and electrically insu-
lated the solder joint, preventing contact between neighboring pins. Though
robust, this conﬁguration proved incompatible with ﬂow cell operation. Each
spring-loaded pin exhibited a small force on its own, which was insigniﬁcant
compared to the clamping force for the entire cell. However, placing 6 con-
tact pins in close proximity was able to create enough force to separate the
chip from the PDMS, breaking the seal. While it did not occur every time,
this PMMA top plate caused system leakage through the PDMS on the
cantilever-side of the channel with unacceptable frequency.
Thus, to ensure sealing, the connection method pictured in ﬁgure 10.2
was developed. This conﬁguration incorporated two major changes from the
previous one. First, the contact pins were no longer held to the PMMA top
plate by epoxy. This meant that the force was no longer applied between the
PMMA top plate and the chip, which was responsible for having relieved
the pressure on the PDMS top gasket, breaking the seal. Second, only the
necessary contact pins were to be used at any given time, as opposed to all
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Figure 10.1: The original design for the PMMA top plate included using epoxy to hold in
all eight spring-loaded contact pins (6 cantilever, 2 RE/CE). Through testing it was found
that the spring force was causing incomplete sealing, leading to leaks. This conﬁguration
was abandoned in favor of the one shown in ﬁgure 10.2.
eight pins being used. This reduced the force pushing the chip down into
the PDMS bottom gasket. As seen in ﬁgure 10.2 the pins were still soldered
to wires, but then had pressure applied by a modiﬁed paper clip. While it
may appear crude, this contact method proved highly reliable.
Figure 10.2: A close-up photograph of the spring-loaded contact pins making the elec-
trical connection through the PMMA top plate to the chip. Only those cantilevers being
used have a contact pin connected, to prevent wire clutter on the cell surface.
10.2.2 Positive/Negative Connection
Cyclic voltammagrams were run to conﬁrm that the spring-loaded contact
pins were making contact. The cell was ﬁlled with 10 mM KNO3 and cycled
between the potentials indicated in the ﬁgures. One cantilever was connected
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as a working electrode while a large area electrode (opposite side of the chan-
nel from the cantilevers) was connected as a counter/reference electrode. In
the case that one or both of the contact pins was not touching the contact
pads we would observe a CV similar to that pictured in ﬁgure 10.3(a). In-
complete contact was usually the result of the pins not being suﬃciently
pressed into the PMMA top plate, or the PMMA top plate or the chip be-
ing incorrectly aligned. When aligned correctly, the clipping method seen in
ﬁgure 10.2 was always eﬀective at making positive contact with the contact
pads.
(a) (b)
Figure 10.3: Cyclic voltammagrams were used to conﬁrm the electrical connections made
to the cantilevers. (a) If the contact pins were not connected properly, or the cantilevers
were not in contact with the solution, a zero signal was observed. (b) When performed in
a 10 mM KNO3 solution we observed a signal indicative of a connection, similar to those
seen in previous chapters.
10.2.3 Voltammetry Testing
The safe range of potentials had to be determined before these cantilevers
could be used for voltammetry. Structural integrity of the metal layer was
going to be an issue at high enough potentials since the Cr layer was ex-
posed (even if it was only 2 nm). One cantilever was connected as a work-
ing electrode while another acted as a counter/reference electrode. Cyclic
voltammetry was conducted with an increasing range, ±0.5 V and increas-
ing by ±0.1 V every 10 cycles, in 10 mM KNO3. At lower potential ranges
the cantilevers appearance was normal (ﬁgure 10.4(a)) and the CV took on
the shape typical of an ionic solution with no redox activity (ﬁgure 10.5(a)).
However, after repeated cycling at potential ranges above ±1.6 V the gold
surface of the cantilever changed (ﬁgure 10.4(b)), and unexpected redox
peaks appeared in the CV (ﬁgure 10.5(a)). Increasing the range further for
more cycles resulted in gas evolution from metal surfaces (seen as bubbles
in ﬁgure 10.4(c)).
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(a)
(b)
(c)
Figure 10.4: Microscope images of the cantilevers taken during CVs as the potential range
was increased to damaging levels. The lower cantilever is connected as a working electrode
and has the potential sweeps applied to it, while the upper cantilever is not electrically
connected during this test. (a) At lower potential ranges the cantilevers appear normal.
(b) At potential ranges in excess of ±1.6 V irregularities appear on the gold ﬁlm. (c)
Further potential sweeping and increasing the range leads to evolution of gas on the metal
surface, seen as dark spots on the lower electrode.
Inspection of the excessively cycled cantilevers in a scanning electron mi-
croscope revealed that the electrodes had been severely damaged. Figure
10.6(a) shows a cantilever array in which the ﬁrst and third cantilevers from
the left had been cycled more than 20 times. These cantilevers were still in
good operating condition and indistinguishable from those found on a freshly
produced chip. However, the cantilevers pictured in ﬁgure 10.6(b), subjected
to the excessive cycling described above, have had their Cr adhesion layer
eroded. The gold layer, which appears unaﬀected, is no longer attached to
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(a) (b)
Figure 10.5: Cyclic voltammagrams conducted in 10 mM KNO3 to assess the safe range
of potentials. (a) At lower potentials the CV appears similar to others taken in ionic
electrolytes, with no visible redox activity. (b) At higher potentials, however, repeated
cycling causes irregular peaks to emerge, indicating damaging electrochemical activity at
the electrodes.
the cantilever and is free to move independently. This is obviously an ex-
tremely negative eﬀect on cantilever measurements, thus voltages applied to
the cantilever electrodes were kept to ranges of ±1.2 V.
(a) (b)
Figure 10.6: Scanning electron micrographs of cantilever arrays after cyclic voltammetry.
(a) Cycling at a potential range of ±1.2 V, even for 20 or 30 cycles, leaves the cantilever
electrodes undamaged and virtually indistinguishable from freshly fabricated chips. (b)
Cycling at potential ranges in excess of ±1.6 V was shown to completely erode the Cr
adhesion layer, delaminating the Au from the cantilever.
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10.2.4 Aﬀect of Flow on Voltammetry
The cyclic voltammagram of cantilever electrodes under a ﬂow was brieﬂy
observed. Figure 10.7 plots the voltammagrams taken at zero ﬂow (solid
line) and 50 μl/min (dotted line). The main feature of note is the diﬀusion-
limited current magnitudes, i.e. the plateau regions on either side of the
redox peaks. Notice that the CV taken under a ﬂow exhibits a much higher
current, similar to that of the microelectrodes of ﬁgure 5.3. This is due to a
constant supply of fresh reactant and oxidant delivered by the ﬂow and not
by diﬀusion to and from the depletion region near the surface.
Figure 10.7: Cyclic voltammagrams taken using cantilever electrodes in 5 mM
[Fe(CN)6]
3−/4−at zero ﬂow (solid line), and 50 μl/min ﬂow (dotted line). Disregarding
other artifacts, the current observed in a ﬂowing solution is larger at the extremities and
is less diﬀusion limited. This is because the ﬂow is constantly delivering fresh species for
reduction or oxidation.
10.3 Optical Measurements
10.3.1 Alignment Issues
The NanoNose system seen in ﬁgure 10.8, built by Assistant Professor Søren
Dohn, was used to acquire all deﬂection data presented in this thesis2. The
NanoNose is a dual-laser optical-lever deﬂection system capable of operating
in both static and dynamic mode (only static mode is used in this work). A
2The ECC platform was built to be compatible with a number of deﬂection measure-
ment systems in the Nanoprobes lab. Initially a Polytec MSA-500 doppler vibrometer was
considered for use. However, after signiﬁcant eﬀort, it was found that the system was
incapable of measuring static deﬂection in real-time.
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ray-tracing calculation3 revealed that vertical z deﬂection of the cantilever
(at the laser spot) was approximately z = (0.109)l nm, where l is the posi-
tion of the laser spot relative to the cantilever base in μm.
Figure 10.8: A labeled photograph of the NanoNose dual-laser cantilever deﬂection mea-
surement setup, designed by Søren Dohn. All real-time deﬂection measurements made in
the ﬂow cell were taken with this system.
3Performed by bachelor student Allan S. Nielsen, taking into account the refraction of
the pyrex and solution [213].
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While the NanoNose took all cantilever data presented in this work, it was
not originally intended to measure deﬂection in a liquid environment. The
multiple layers of which the ﬂow cell was composed created multiple spots
when a laser was introduced. Since observation of the laser spot through a
camera was the only method of aligning it to the cantilever, the location of
the correct laser spot needed to be determined. By assembling and observing
the ﬂow cell in stages (ﬁrst the chip, then with the PDMS, then glass, then
PMMA) we determined the origin of these spots. With respect to ﬁgure 10.9,
the laser enters from image right directed downwards and into the image
(into the z-plane). It passes through the pyrex window (towards image left,
and into the image) and creating a diﬀuse spot (ﬁgure 10.9(a)) as it goes.
The laser beam reﬂects oﬀ the cantilever’s gold surface creating the brightest
spot (ﬁgure 10.9(b)) in the image. The beam continues upwards (out of the
image) and toward image left, exiting the ﬂow cell through the pyrex window
and creating a second diﬀuse spot (ﬁgure 10.9(c)), and continues towards
the position sensitive detector (PSD) labeled in ﬁgure 10.8.
Figure 10.9: A microscope image of the cantilever array with the laser properly aligned
to cantilever 3 (the third cantilever from the bottom). The visible laser spots are caused
by (a) the laser passing through pyrex, into the ﬂuid, (b) reﬂecting oﬀ the cantilever, and
(c) passing through pyrex, out of the ﬂuid.
To rule out the spots that were not cantilever reﬂections, suspect spots
were aligned to the tip of the cantilever. Then the stage holding the ﬂow
cell was moved so the cantilever moved out from under the spot. If the laser
signal on the PSD dropped signiﬁcantly it meant the spot was most likely
a reﬂection oﬀ the cantilever. Lastly, the PDMS top gasket was found to
interfere with the incoming laser path, and thus had to be cut back to ex-
pose metal as far back as 1 mm from the channel edge. While this obviously
aﬀected the electrode area and the current observed, it was the only solution
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in the present conﬁguration that could yield a clear deﬂection signal.
10.3.2 Bypassing Glass Reﬂection
The planes of all components in the cell were designed to be parallel. How-
ever, as shown in ﬁgure 10.10(a) and as experimentally observed, this meant
that the reﬂections from the cantilever and pyrex could occupy the same
space on the PSD. Since the signal received from the PSD was a summa-
tion of the light on its surface the interpreted cantilever motion was highly
dependent on the intensity, size, and position of the pyrex reﬂection. The
solution was to tilt the pyrex window relative to the ECC chip. This was
accomplished by placing small PDMS spacers as shown in ﬁgure 10.10(b).
This was found to apply enough of a tilt relative to the ECC chip to separate
the two spots on the detector such that the pyrex reﬂection could be easily
masked, thus removing its contribution to the signal.
Figure 10.10: A schematic of the pyrex window tilted relative to the cantilevers, done
to ensure the laser spots from the cantilever and the front side pyrex reﬂection were not
incident upon the same spot on the PSD. (a) The original assembly of the PDMS top
gasket and pyrex window. (b) Two pieces of PDMS were placed accordingly to tilt the
pyrex relative to the ECC chip surface. This addition did not aﬀect sealing and separated
the pyrex and cantilever reﬂections enough such that the pyrex reﬂection could be easily
masked.
10.3.3 Noise Level
Once we had the laser aligned and were conﬁdent in the signals we could
measure, the noise level of the system needed to be addressed. Further, since
measurements were to be conducted in a ﬂow, the eﬀects of ﬂow on cantilever
deﬂection also required investigation. A clean ECC chip was mounted in the
ﬂow cell and Milli-Q water was pumped in. The system was left under a ﬂow
of 30 μl/min for 30 minutes, after which the drift due to PDMS hydration
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has ceased4. The ﬂow to be measured was set on the syringe pump and a
5 minute section of stable ﬂow was recorded, the results of which are pre-
sented in ﬁgure 10.11. The noise in the signal remained relatively constant
(∼ 0.07 V peak-to-peak) as the ﬂow speed was increased from a standstill
(0 μl/min, signal (a) in ﬁgure 10.11) to 50 μl/min (signal (d) in ﬁgure 10.11).
The signal noise became noticeably larger (∼ 0.12 V peak-to-peak) at speeds
higher than 75 μl/min (signal (e) in ﬁgure 10.11). Additionally, as the ﬂow
speed was increased further larger, lower frequency instabilities were noticed
(100 μl/min, signal (f) in ﬁgure 10.11). Thus, a maximum speed of 50 μl/min
was chosen for all cantilever measurements conducted under a ﬂow, as this
is the highest speed that could be used before observing an increase in noise.
Figure 10.11: Measured deﬂection of a cantilever (500 μm long) in a ﬂow of Milli-Q for
diﬀerent pump speeds: (a) 0 μl/min, (b) 10 μl/min, (c) 25 μl/min, (d) 50 μl/min, (e)
75 μl/min, (f) 100 μl/min. The syringe pump was used in liquid-pulling or ”reﬁll” mode.
The noise seen by the NanoNose system is relatively constant from 0 to 50 μl/min, but
becomes noticeably worse at speeds of 75 μl/min or higher.
The low-speed noise observed at ﬂows of less than 50 μl/min was believed
to be inherent in the system. That is, the noise is due to everything else
except the cantilevers and ﬂow, e.g. acoustic noise in the room or electrical
noise in the PSD or other electrical components in the signal acquisition
path. Electrical noise is the most likely explanation since the noise was not
observed to vary as the level of human activity in the room changed. Fi-
nally, the noise in the signal measured on the substrate, or a solid silicon
4This stabilization time was only 30 minutes if the PDMS was kept in water overnight.
If PDMS was stored dry the stabilization time was 1 to 2 hours, sometimes longer. This
is why the PDMS was stored in Milli-Q water when not in use.
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wafer (i.e. no free hanging cantilevers) was indistinguishable from the signal
obtained in ﬁgure 10.11(a) at a ﬂow of 0 μl/min.
10.4 Summary
Following platform fabrication several aspects of the device operation had to
be investigated before any experiments could be conducted and any useful
data could be collected. A protocol for sealing and ﬁlling the device was de-
veloped, with PDMS treatment as the focus. Successful electrical connection
was made by simplifying the contact pin mounting and eliminating epoxy.
Electrical contact was conﬁrmed by acquiring voltammagrams in potassium
nitrate and [Fe(CN)6]3−/4−solutions. Cycling the cantilever potential above
values of ±1.6 V resulted in oxidation of the Cr adhesion layer on the can-
tilevers and delamination of the gold, hence maximum potential values were
set to ±1.2 V for the rest of the project. Issues of optical alignment were ad-
dressed and the noise level in the system was observed. A ﬂow of 50 μl/min
was decided to be the maximum speed that could be used before the ﬂow
started to contribute to the noise. Together, these investigations and ob-
servations constituted the commissioning of the ECC platform, and it was
deemed ready to start the chemical sensing and electrochemistry experi-
ments.
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Chapter 11
Diﬀerential Sensing of
Copper Ions Using
Functionalized Cantilevers
This chapter presents the application of the copper-sensitive molecules in-
vestigated in Part III to the electrochemical-cantilever platform developed
in Part IV. Chip functionalization protocol from chapter 8 is adapted for use
with the ECC chip. A clean reference cantilever is generated using the elec-
trochemical capabilities of the platform so that diﬀerential measurements
can be acquired. The responses of both cysteine and CGGH monolayers are
observed in Milli-Q water and buﬀered electrolyte, and compared. Results
of the QCM experiments conducted on CGGH are qualitatively compared
with those acquired using cantilevers. The responses of the functional layers
to diﬀerent concentrations of Cu2+ ions are used to estimate the adsorption
rate constants for Cu-(Cys) and Cu-(CGGH) complexes.
11.1 Experimental Methods
11.1.1 Functionalization Protocol
The ECC chips were functionalized with either cysteine or CGGH in the
same manner as the electrodes in chapter 8. Individual ECC chips were
cleaned in a solution of 30% hydrogen peroxide and 50 mM potassium hy-
droxide for 8 minutes, followed by rinsing in 4 separate baths of clean Milli-Q
water (18 MΩcm) for 5 minutes each. The chips were then placed in 95%
ethanol for 3 minutes to reduce gold oxide that may have formed during
the cleaning [115], rinsed once more in Milli-Q water, and placed in 5 ml
of 5 mM cysteine or CGGH and 50 mM phosphate buﬀer (pH 6.2) to incu-
bate overnight (16-20 hours). The chips were rinsed twice in clean phosphate
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buﬀer (1 hour each), then once in Milli-Q water to remove the phosphate,
and ﬁnally in 95% ethanol to substitute the water. The ECC chips were
blown dry with ﬁltered air (0.3 μm ﬁlter) to evaporate the ethanol quickly,
and then loaded into the ﬂow cell in the method described in chapter 10.
(a) (b)
Figure 11.1: The Cu2+-ion binding conﬁgurations of (a) L-cysteine and (b) CGGH, the
molecules investigated in chapter 8.
11.1.2 Diﬀerential Measurements
Diﬀerential measurements, by deﬁnition, require cantilevers whose surfaces
diﬀer chemically. This allows the signal from one cantilever to be subtracted
from another, thereby returning the response of a very speciﬁc reaction, mi-
nus parasitic eﬀects [20, 21, 24, 41, 214]. In the simplest case two cantilevers
are simultaneously monitored as an analyte is introduced. The surface of
one cantilever (the functional cantilever) hosts a receptor, while the sur-
face of the other cantilever (the reference cantilever) is clean and hosts no
speciﬁcally-functional molecules. Figure 11.2 depicts such a conﬁguration
applied to the ECC platform. The application of this methodology is not
quite so simple in practice, a result of the fact that cantilevers with in-
homogeneous chemical properties will react slightly diﬀerently to parasitic
eﬀects (e.g. changes in temperature, ionic concentration, mechanical vibra-
tions, ﬂuid turbulence). Nonetheless, this method is an improvement over
measurements conducted using a single cantilever.
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Figure 11.2: A labeled microscope image of diﬀerentially functionalized cantilevers being
monitored in the NanoNose system. The functional cantilever is coated with a monolayer
of cysteine or CGGH, while the reference cantilever has a clean gold surface. The conﬁg-
uration presented here is typical of most measurements taken in this system.
Diﬀerential Functionalization
Diﬀerentially functionalizing individual cantilevers in an array is challenging
due to their small size and close spacing, and several techniques have been
developed to accomplish this. Immersing cantilevers in micro-sized contain-
ers [41] or capillaries [48] have been used to simultaneously diﬀerentially
functionalize arrays, while micro-pipetting [215], spray-coating [216], and
ink-jet printing [196] have provided a sequential approach. All of these tech-
niques require rather precise alignment of the microcantilevers to the chemi-
cal source, and modiﬁcation is performed before the array is loaded into the
measurement setup.
Selective Cantilever Cleaning
The design of the ECC chips was not conducive to being functionalized using
microcapillaries [48] since the cantilevers could not be accessed from their
tips (due to the channel), and the equipment required for other function-
alization techniques was not available. An alternative method of obtaining
diﬀerent surface modiﬁcations was needed.
Only the simplest form of diﬀerential measurement was to be performed
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here, i.e. simultaneously measuring one functional cantilever and one clean
reference cantilever. This could be accomplished by either selectively func-
tionalizing or selectively cleaning one cantilever of the array. Given the ob-
servations of section 7.5.2 and reports from literature [84, 157–159, 217] it
was decided to voltammetrically remove the functional layer from one can-
tilever, thus making it the reference.
Following loading into the ﬂow cell, two cantilevers were electrically con-
nected to a potentiostat, one as a working electrode, the other as a refer-
ence/counter, creating a two-electrode conﬁguration. The ﬂow cell was ﬁlled
with Milli-Q water following the protocol from section 10.1.2, then ﬁlled with
1 mM [Fe(CN)6]3−/4−in 50 mM phosphate buﬀer (pH 6.2) using the syringe
pump to pull ﬂuid through the ﬂow cell as depicted in ﬁgure 11.3. The poten-
tial applied to the working electrode was cycled between +1.2 V and −1.2 V
at a rate of 0.1 V/s. This was done until the signal observed ceased to change
with time and closely resembled that of the clean cyclic voltammagram in
[Fe(CN)6]3−/4−redox couple (typically 15-20 cycles), which indicated that
that the functional layer had been removed1. Voltammetric cleaning was
performed in [Fe(CN)6]3−/4−redox couple to allow simultaneous monitoring
of the surface by observing the voltammagram.
Measurement Procedure
Copper detection was performed with Cu2+ ions in both clean Milli-Q water
and buﬀered electrolyte (30 mM ammonium acetate, 30 mM potassium hy-
droxide, pH 6.8). As mentioned in chapter 2, cantilevers react to everything
in the solution. It was decided to keep the contents of the solution to a mini-
mum at ﬁrst, meaning only Milli-Q water with either Cu(NO3)2 or ethylene-
diaminetetraacetic acid (EDTA). The EDTA solutions, used to remove Cu2+
ions from the cell, were made in both Milli-Q water and buﬀered electrolyte
to a concentration of 2 mM. Stock Cu(NO3)2 solutions were made to 100 μM
and diluted by a factor of 10 three times, to achieve additional concentra-
tions of 10 μM, 1 μM, and 100 nM. All solutions were made fresh on the day
of the experiment. In the case of the buﬀered electrolyte, the 30 mM KNO3
provided a constant high concentration of nitrate in the solution such that
the additional nitrate ions provided by the Cu(NO3)2 would have a minimal
eﬀect on the ionic concentration. Thus, the only major change in the compo-
sition of the solution would be the copper (II) ions. This is in contrast to the
Milli-Q solutions, where the appearance of copper ions was accompanied by
nitrate ions, thus changing two components of the solution simultaneously.
1Note that cyclic voltammetry has been previously used to reliably determine the
degree of blocking on the surface (chapters 7 and 8) and to determine electrode cleanliness
(chapter 6).
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Figure 11.3: A photograph of the entire workstation. The PC (1) was used to collect
data from the NanoNose (3) and to control the potentiostat (6). The syringe pump (2)
was used to pull the sample solutions (5) through the ﬂow cell (located under 3). The
ﬂuidic tubing used to connect the syringe pump and ﬂow cell is labeled by the dotted line,
while the tubing connecting the ﬂow cell and sample solutions is labeled by the dashed
line.
Following the cleaning previously described, lasers were aligned to the can-
tilevers as indicated in ﬁgure 11.2. A 50 μl/min ﬂow of either Milli-Q water
or buﬀered electrolyte (the base solution) was initiated, and the deﬂection
of both cantilevers was monitored for 40 to 60 minutes, until the drift in the
cantilever signal was small (≤ 0.1 V/h), stable, and approximately equal for
both cantilevers. The introduction of Cu2+ ions always caused a continuous
drift which would drive the signals out of the range of the photodetectors,
similar to that seen in the QCM measurements from section 8.2.2. Instead
of waiting for the signals to stop drifting, the signals were monitored under
a copper ion ﬂow until the drifts of the functional and reference cantilever
were roughly equal, at which point a ﬂow of the base solution was continued.
After the signals stabilized in the base solution a ﬂow of 2 mM EDTA was
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introduced to removed the copper ions from the cantilevers, as well as the
rest of the chamber. This EDTA ﬂow typically lasted 5 minutes or less, after
which a ﬂow of the base solution was introduced a ﬁnal time.
The cantilever tip z-displacement was acquired via the optical lever method
and converted into a surface stress using Stoney’s formula [49] (equation 2.2.
To ensure fair comparison between runs and cantilever sizes, the location of
the laser spot on each cantilever (functional and reference) was measured
from an image captured before the run. The laser spot location was used as
the cantilever length to calculate the surface stress [218, 219]. It was then
the length-independent surface stresses that were subtracted to produce the
diﬀerential signal.
11.1.3 Regeneration
Chemical Regeneration - EDTA
A cysteine-modiﬁed cantilever and a clean reference cantilever were exposed
to a 50 μl/min ﬂow of 10 μM Cu2+ in a solution of the previously described
buﬀered electrolyte (pH 6.8) for 10 minutes. Buﬀered electrolyte was then
introduced into the chamber for another 10 minutes to remove the copper
solution and non-speciﬁcally bound copper. Then 2 mM EDTA (in buﬀered
electrolyte) was injected for ∼ 200 s to purge the system, followed by more
buﬀered electrolyte. This cycle was repeated 3 times to demonstrate the re-
generability and reusability of the cysteine-modiﬁed cantilevers, in a similar
way to the CGGH-modiﬁed QCM chips from chapter 8.
Voltammetric Regeneration
One of the main reasons for using an electrochemical-cantilever system for
metal ion detection is the possibility of regenerating the monolayer by elec-
trochemical methods, instead of applying a strong chelating chemical (e.g.
EDTA). Following stabilization in a 50 μl/min ﬂow of 50 mM KNO3 (the
base solution for this experiment), 1 mM Cu(NO3)2 was injected for 20 min-
utes. A ﬂow of potassium nitrate was reintroduced to ﬂush the copper ions.
The measured cantilever was connected as the working electrode, and an
adjacent cantilever acted as counter and reference (2-electrode setup). The
potential of the working electrode was swept from 0.5 V to -0.4 V (vs. Au
reference) for 2 cycles. The cantilever is allowed to stabilize, after which
1 mM Cu2+ ions are injected to test if the cantilever can be reused. All
electrochemical methods are conducted at zero ﬂow.
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11.2 Results
11.2.1 Voltammetric Cleaning
The cyclic voltammagrams generated during cleaning are shown in ﬁgure
11.4. In both cases of cysteine (ﬁgure 11.4(a)) and CGGH (ﬁgure 11.4(b))
monolayers the CV was run until it ceased to change, i.e. until the electron
transfer no longer improved with cycling. This indicated that no further layer
removal was happening, and that the cantilevers were clean. Recall from
previous chapters how a ﬂat looking CV with suppressed peaks indicates a
blocked surface, while the presence of redox peaks close together is indica-
tive of a clean surface. The thiol bond is known to be reduced at suﬃciently
high negative potentials, typically E = −0.6 to −1.0 V [84,157–159,217]. It
should be noted that, in the two electrode setup, potentials of E = −1.2 V
are not achieved. Rather, the potential diﬀerence between the two electrodes
is what is read on the axis, relative to the reference/counter electrode. Still,
we can see a similar evolution in the CVs as we saw in section 7.5, when
using a three electrode setup. Thus, even though we can’t measure the po-
tential against a stable reference, we can still monitor the shape of the CV
and conclude that the electrode is clean enough to be used as a reference
cantilever.
(a) (b)
Figure 11.4: Cyclic voltammagrams acquired at diﬀerent stages in the cleaning of can-
tilever electrodes coated with (a) cysteine and (b) CGGH monolayers. Voltammagrams are
shown from the beginning (0 cycles), middle, and endpoints of the cleaning. In each plot
the CV ceased to change after the last cycle shown, indicating no further layer removal.
Electrolyte used: 1 mM [Fe(CN)6]
3−/4−in 50 mM phosphate buﬀer (pH 6.2).
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11.2.2 Cysteine-Modiﬁed Cantilever
Cys-Cu2+ Binding in Milli-Q Water
Cantilevers functionalized with cysteine were subjected to the ﬂow sequence
described in ﬁgure 11.5. Clean Milli-Q water ﬂows through the cell initially
producing the baseline stress signal. Upon injection of the Cu2+ ions the can-
tilever experiences a compressive stress (negative stress, downward bending)
very brieﬂy (t ≈ 4 min) before developing a large tensile stress, peaking at
Δσ = 55 mN/m relative to the reference cantilever. Upon reintroduction
of the Milli-Q ﬂow the tensile stress is relieved slightly, but does not re-
turn to zero. The binding aﬃnity between cysteine and copper ions is quite
large [126,130,168–170], thus we expect very little desorption of bound ions.
The introduction of 2 mM EDTA removes all Cu2+ ions from the cysteine
layer, as well as the rest of the ﬂow cell, and relieves the tensile stress in the
layer, brieﬂy reducing it to zero. However, as was seen in the QCM results
of section 8.2.2, the EDTA quickly introduces its own drift on the system.
This is the ﬁrst observed eﬀect of not having a ”true reference” cantilever.
A diﬀerential drift has already been removed from ﬁgure 11.5, but still in-
troducing something as chemically active as EDTA will cause a further drift
of the functional cantilever relative to the reference.
Still, for our purposes here, a clean reference is suﬃcient. Figure 11.6
shows the diﬀerential stress response of cysteine-modiﬁed cantilevers to two
diﬀerent concentrations of copper ions. The same response is seen in the
100 nM but it occurs more slowly than in the 10 μM solution. The slight
compressive stress before the tensile response, and a relaxation from the
maximum stress once Milli-Q is reintroduced is seen again in the 100 nM
solution.
The shape of the two curves is quite similar to those obtained by Marie
et al. [124] during the adsorption of thiol modiﬁed DNA-oligos. A similar
”super-saturation” was observed by Marie where the surface stress would re-
main at an elevated level as long as the DNA-oligo solution was ﬂowing, and
a higher super-saturation level was seen for higher concentrations. Indeed
not only the results, but the conditions of the experiment share similarities
to those presented here. Both the DNA-oligo adsorption and cysteine-Cu2+
binding events occur on surfaces that have a ﬁxed number of binding sites,
the cantilevers are in a ﬂow of solution delivering the detected species, and
the binding eﬃciency is high enough such that the rate of desorption ex-
pected is very low. Thus we can analyze this system further by applying the
Langmuir adsorption model isotherm [43, 124, 220], described by equation
11.1,
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Figure 11.5: The calculated diﬀerential surface stress response of a Cysteine-modiﬁed
cantilever to 10 μM Cu2+ ions. The shaded and labeled regions indicate what ﬂuid was
ﬂowing through the cell (ﬂow rate 50 μl/min) and when it was changed. The Cu2+ ions
appear to cause a tensile stress in the cysteine layer, and the EDTA removes the metal
ions, brieﬂy reducing the stress to the pre-copper level, before a diﬀerential drift takes
over.
θ ∝ 1− exp{−kobst} (11.1)
where θ is the fractional occupation of available sites, kobs is the observed
reaction rate, and t is the time. One can assume that the number of available
copper ion binding sites per cantilever is ﬁxed and is approximately the same,
from cantilever to cantilever. Thus the stress at site saturation should be
the same from cantilever to cantilever, once the super-saturation eﬀect has
been removed, which is a valid assumption from what is observed in ﬁgure
11.6. This surface stress at saturation was estimated to be σsat ≈ 38 mN/m,
and the model described by equation 11.1 was ﬁt to the observed stress
responses, seen in ﬁgure 11.7. The observed rate constants for the 10 μM
and 100 nM concentration curves was kobs = 0.014 s−1 and 0.002 s−1, re-
spectively. Taking the observed rate constant versus copper concentration
to be linear2 the adsorption constant was calculated to be 1.2×103 M−1 s−1.
2Yes, this is a crude assumption, but one that must be made as there are only 2 reliable
data points. A 1 μM copper concentration was measured several times, but usable data
could not be obtained.
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Figure 11.6: The diﬀerential surface stress of a cysteine-coated cantilever in response
to 10 μM and 100 nM Cu2+ ions in Milli-Q water. Note how the 100 nM concentration
reaction is similar in shape to the 10 μM curve, but the response is reduced in magnitude
and the cysteine layer takes over 5 times longer to saturate. Re-introducing Milli-Q water
causes the tensile stress to relax to a stable value (the layer saturation stress) of roughly
σ = 38 mN/m. Removing the copper ions with EDTA has the same eﬀect on stress in the
cysteine layer, as is again similar to the QCM response seen in a previous chapter.
This simple proof-of-concept has displayed two main features of the ECC
platform. First, the cantilevers in the system are sensitive enough to, pending
proper calibration, sense nM concentrations of copper ions. Second, having
observed these two surface stress plots with the same shape and character-
istics, the voltammetric cleaning has been shown to perform well enough to
deliver diﬀerential measurements of consistent quality. However, this simple
case of a one component solution is unrealistic. After starting simply, more
advanced solutions must be investigated in pursuit of using this platform for
environmental monitoring.
Further, the initial compression upon injection of copper ions remains a
mystery. A similar concentration of nitrate accompanies the copper solution,
thus this compression could be a result of either component. The solution
must be adjusted such that the only signiﬁcant diﬀerence between the base
solution and the analyte solution is the appearance of copper (II) ions.
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Figure 11.7: The same surface stress responses from ﬁgure 11.5 with Langmuir adsorption
isotherms ﬁt to the curves (dashed lines). The observed rate constant is kobs = 0.014 s
−1
for the 10 μM concentration curve, and kobs = 0.002 s
−1 for the 100 nM response.
Cys-Cu2+ Binding in Buﬀered Electrolyte
While the pH of degassed Milli-Q water has been measured to be approxi-
mately 8, and the process of binding copper ions is not expected to change
the solution pH, an unbuﬀered solution can put the activity of the ligands
into question. Ammonium acetate (NH4Ac) provided a pH of 6.8, while the
KNO3 provides a high concentration (30 mM) of nitrate, making the slight
contribution of nitrate from the Cu(NO3)2 (∼ μM) negligible. Thus, the only
noticeable change in the solution should be the appearance of the copper
(II) ions.
Figure 11.8 plots the diﬀerential surface stress of cysteine-modiﬁed can-
tilevers due to 10 μM, 1 μM, and 100 nM concentrations of copper (II)
ions. Initially these stress plots seem vastly diﬀerent from those performed
in Milli-Q water. The magnitude of the surface stress in the initial increase
just after copper injection is less than half that of what was observed in
Milli-Q. The 100 nM concentration barely causes a response, unlike that
seen in Milli-Q. The tensile stress increase for the 10 μM solution occurs
in the same time span as that in Milli-Q (t ≈ 4 minutes), but only has a
magnitude of Δσ = 29 mN/m (measured from the minimum value of the
initial compressive response).
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Figure 11.8: Diﬀerential surface stress of cysteine-modiﬁed cantilevers. The buﬀered
solution consists of 30 mM NH4Ac and 30 mM KNO3 (pH 6.8), with 10 μM, 1 μM, or
100 nM concentrations of Cu(NO3)2. Note the similar shapes on the increasing tensile
stress side of the plots, and how the increase becomes less steep as the concentration
decreases.
However, there are many similarities between the cysteine monolayer re-
sponses observed in Milli-Q and buﬀered electrolyte. First, and as just men-
tioned, is the response time. The 10 μM concentration develops its fast ten-
sile response in buﬀered electrolyte in the same time as in Milli-Q (t ≈ 4 min-
utes), while the 1 μM response takes t ≈ 9 minutes, and achieves a tensile
increase of Δσ = 21 mN/m (measured from the minimum value of the
initial compressive response). Also, the presence of this initial compressive
response persists in the buﬀered electrolyte. This indicates that it is an ar-
tifact of the copper ions. Since all copper solutions are made from the stock
buﬀered electrolyte, the only signiﬁcant change in composition that occurs
when solutions are changed is the appearance of the copper ions3. This initial
compression could be the result of repulsion caused by the copper ions and
their solvation shell accumulating on top of the cysteine layer before binding
to the ligands. At lower concentrations the copper ions would accumulate
slower, giving each one more time to be broken from its solvation shell and
bound to the monolayer. Thus the repulsion between the solvated copper
3We assume that a μM change in a nitrate concentration of 30 mM would cause a
negligible cantilever response.
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ions cannot accumulate fast enough to produce an appreciable compressive
response in the lower concentrations, e.g. the 100 nM copper concentration.
On cantilevers with a clean gold surface (i.e. no functional layer) an in-
jection of 10 μM Cu2+ has been observed to generate a strong compressive
stress, as seen in ﬁgure 11.9. This can be attributed to repulsion between ad-
jacent solvated ions, or a relaxation of the intrinsic tensile stress in the gold
surface caused by physisorbed species [88,221]. Since the surfaces of the two
cantilevers are diﬀerent they will exhibit this adsorbate stress at diﬀerent
magnitudes, in the case of ﬁgure 11.9 the functional cantilever experiences
a slightly larger compressive stress at ﬁrst.
Figure 11.9: Cantilever signals for the functional and reference cantilevers responding
to 10 μM Cu2+, in 30 mM KNO3 and 30 mM NH4Ac (pH 6.8). The diﬀerential signal
([functional]-[reference]) is plotted at an oﬀset for improved visibility.
However, when the Cu2+ ions coordinate to the immobilized cysteine
molecules the functional cantilever experiences a tensile stress, with respect
to the clean reference cantilever. This is the result of two possible eﬀects. The
positively charged Cu2+ ion coordinates with the cysteine molecules, which
are expected to be negatively charged at pH 6.8 [141], and neutralize this
charge. Evidence for this has been presented in section 7.3.1 where carboxyl
groups were observed to repel a negatively charged redox probe. Pedrosa
et al. [151] have observed a cysteine layer to become negatively charged at
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pH values approaching 7, as is the case here. Neutralizing the charge of the
molecules on the surface would reduce electrostatic repulsion between them,
as seen in ﬁgure 11.10(a), reducing overall compressive stress, which would
be observed as a tensile stress through cantilever motion.
Figure 11.10: Two routes of generating a tensile diﬀerential stress: (a) The binding of
the cation to the negatively charged carboxyl groups on the cysteine molecules reduces the
negative charge of the layer, relieving compressive stress, which is observed as an increase
in tensile stress. (b) Copper (II) ions coordinate to cysteine molecules in a 2:1 scheme,
creating a physical link between two adjacent molecules as they strain to make the bond.
Occurring across the surface this would manifest as a tensile stress.
A second source of observed tensile stress could be that formed within
the layer due to binding, depicted in ﬁgure 11.10(b). Copper (II) ions are
known to coordinate to cysteine in a 2:1 scheme [140, 170]. The cysteine
molecules ”reach” towards each other to create the bond due to the high
aﬃnity constant [169], which would be observed as a tensile stress on the
cantilever surface. The observed cantilever deﬂection is most likely a com-
bination of these two eﬀects, although determining which one dominates is
diﬃcult without additional characterization.
The initial compressive stress seen in the cantilever response to 1 μM Cu2+
(ﬁgure 11.8) is far larger in magnitude and occurs for a longer time than
the similar artifacts seen in the 10 μM solutions in Milli-Q or buﬀered elec-
trolyte. All copper and EDTA solutions were made from the same buﬀered
electrolyte (30 mM NH4Ac and 30 mM KNO3) stock solution, ruling out
diﬀerences between measurement solutions. Mechanical vibrations, thermal
eﬀects, and sudden changes in ﬂow can also be ruled out as well since the
experiments were carefully controlled to avoid this. The initial compres-
sion closely resembles that seen in the 10 μM concentrations, both in ﬁgure
11.8 as well as ﬁgure 11.11 (discussed below). The only possible causes of
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this anomalous response are forms of monolayer damage or surface contam-
ination that would contribute to the cantilever response, which could have
occurred unknowingly during drying or loading. Incomplete or damaging
voltammetric cleaning of the reference cantilever could also contribute to
the diﬀerential signal seen, although the reference response exhibits normal
behavior.
A ﬁnal note regarding cysteine-based copper sensing in buﬀered electrolyte
is the ﬁnal values attained by the cantilevers. Had only before and after
measurements been performed they would have followed the same expo-
sure procedure, i.e. 30 minutes exposure to a copper solution, then 30 min-
utes of rinsing. At the end of ﬁgure 11.8 we see each copper concentration
reaches a diﬀerent diﬀerential stress value; Δσ = 0.7 mN/m for 100 nM,
Δσ = −16.7 mN/m for 1 μM, and Δσ = −37.5 mN/m for 10 μM. Thus,
despite the behavior observed under real-time measurements, the ﬁnal stress
response does exhibit a trend of increasing compressive stress with increas-
ing concentration.
11.2.3 Regeneration of Cysteine Layer
Chemical Regeneration - EDTA
The diﬀerential signal in ﬁgure 11.11 exhibits the same features as other
cysteine-modiﬁed cantilever responses to 10 μM Cu2+, complete with the
initial compressive stress and the negative drift following exposure to cop-
per. The 2 mM concentration of EDTA used was high enough to expect all
copper to be removed within one or two minutes, but caused a large rela-
tive drift and thus exposure was kept to a minimum. It should immediately
be noted that all three of the iterations of copper exposure are remarkably
similar. Measured from the bottom of the initial compressive response to
the ”kink” or ”elbow” that marks the end of the relatively linear binding
region, the magnitude of the tensile stress response is Δσ = 39.3, 34.7, and
37.5 mN/m for the ﬁrst, second, and third exposures to 10 μM Cu2+. Each of
the successive responses are comparable in magnitude, whether the surface
is fresh, regenerated once, or regenerated twice. Following regeneration by
EDTA, the ﬂow of buﬀer is resumed resulting in the same stable, drift-free
stress response seen when the experiment began. These two observations
together indicate that the copper is completely removed from the cysteine-
surface, and that all or most of the cysteine molecules remain bound to the
gold. Regeneration by means of EDTA appears to be eﬀective.
One feature of note in ﬁgure 11.11 is the initial compressive response, also
seen previously in ﬁgures 11.6 and 11.8. The three stress responses seen in
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Figure 11.11: The diﬀerential stress response of a cysteine-modiﬁed cantilever during
alternating exposure to 10 μM Cu2+ and EDTA. The buﬀer, 30 mM NH4Ac and 30 mM
KNO3 (pH 6.8), is also the base solution, present during the entire experiment. The
cycle proceeds as follows: stable baseline in buﬀered electrolyte, response to 10 μM Cu2+,
negative drift in buﬀer following copper exposure, copper ion removal in EDTA, stable
baseline in buﬀered electrolyte restored. Notice the initial compressive stress before the
tensile response due to the copper gets progressively smaller with each regeneration.
ﬁgure 11.11 are conducted on the same cantilever, using the same solutions,
one after the other, yet there are three diﬀerent initial compressive responses,
with magnitudes of Δσ = −20.2, and −10.9 mN/m for the ﬁrst and second
copper exposure, with no discernable initial compression happening with the
third exposure. While EDTA is known to bind with many transition metals
very strongly, it is not expected to have any eﬀect on the cysteine layer.
Without knowing deﬁnitively what is causing this initial response it is im-
possible to understand the reasons behind this evolution. Following from the
reason speculated in section 11.2.2 for the initial compression, it is possible
that the cysteine layer is now ”more active” and is capable of immediately
coordinating with the copper ions. After the functionalization protocol the
cysteine SAM may be weakly occupied by another species which must be
displaced before the copper ions can bind, causing the initial compression
observed. Such an explanation was given for a similar feature observed dur-
ing the adsorption of alkanethiol chains [43]. This explanation would ﬁt if
the initial compressive response disappeared completely after the ﬁrst re-
generation instead of ﬁrst being reduced by half.
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Another possible explanation is that, with each successive exposure to
Cu2+, more copper ions become ”embedded” in the layer. The ions that are
responsible for the compressive stress remain in the layer after 3 cycles, such
that the response is purely tensile by the third exposure.
Voltammetric Regeneration
Figure 11.12 plots the stress response of a cantilever that was electrochem-
ically regenerated. No buﬀer was used for this experiment, only 50 mM
KNO3 as electrolyte. After acquiring a stable baseline copper (II) ions are
injected at a concentration of 1 mM. There is an initial compressive stress
response, similar to ﬁgures 11.6, 11.8, and 11.11, but much larger than pre-
vious reactions (Δσ ∼ 65 mN/m), followed by the typical copper-binding
curve seen previously for cysteine. Upon switching to a ﬂow of KNO3 the
negative drift which accompanied the ﬂow of the copper solution ceases, and
the cantilever signal stabilizes. The nitrate ﬂow was continued for 20 min-
utes to ensure that the only copper ions in the ﬂow cell would be those
speciﬁcally bound to the cysteine. A linear potential sweep was attempted,
but the signal quickly returned to its stable value. Cyclic voltammetry was
found to perform well in cleaning applications (section 11.2.1) and so was
applied here. Holding the electrode surface at +0.5 V [25] or +0.3 V [170] in
0.1 M perchloric acid has been described as an eﬀective means of removing
copper ions from SAMs, but it was decided to avoid using perchloric acid in
the ﬂow cell.
The stress signal quickly stabilizes to the pre-copper-binding value follow-
ing voltammetry. The system was left in a ﬂow of KNO3 for nearly 50 min-
utes to ensure a stable signal had truly been reached. Finally, 1 mM Cu2+
was injected a second time and a second stress response was observed. While
the initial compressive response is only half as large as the ﬁrst response
(similar to observations during regeneration by EDTA), the magnitude of
the second tensile response (Δσ = 18.8 mN/m) is very close to the ﬁrst
tensile response (Δσ = 17.6 mN/m). These results match remarkably well
with the EDTA-induced regeneration. Additional tests yielded similar re-
sults, although the baseline did not always return to its value before copper
injection (as in ﬁgure 11.11). Still, these results show promise for electro-
chemical regeneration of cysteine-modiﬁed cantilevers.
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Figure 11.12: The surface stress of a cysteine-modiﬁed cantilever exposed to 1 mM
Cu2+ (50 mM KNO3 is the base electrolyte solution). After the cantilever stabilizes in
a ﬂow of 50 mM KNO3 a linear sweep (LSV) is applied, from 0.6 V to -0.5 V. The
cantilever signal stabilizes to its previous value as the LSV had little or no eﬀect. The
CV performed (0.5V to -0.4V, 0.1 V/s) causes the cantilever signal to stabilize at zero
stress (the baseline value for this experiment). After some time 1 mM Cu2+ was injected
again. The cysteine monolayer reacts again, but the magnitude of the response is lower
than previously observed.
11.2.4 Cys-Gly-Gly-His-Modiﬁed Cantilevers
CGGH-Cu2+ Binding in Buﬀered Electrolyte
Figure 11.13 plots the diﬀerential stress response of CGGH to Cu2+-ion
concentrations of 10 μM, 1 μM, and 100 nM. Again, as seen in ﬁgure 11.8,
here the 100 nM solution produces no appreciable stress response, espe-
cially when compared with the other two concentrations that exhibit tensile
stresses in hundreds of mN/m. The 10 μM and 1 μM responses both ex-
hibit the same shape, with the 10 μM signal simply occurring faster and
being larger in magnitude. Unlike the cysteine responses there is no initial
compressive stress before the tensile. However, like the cysteine response,
there appears to be an fast speciﬁc binding region, followed by a slower
increase in tensile stress. The 10 μM signal plateaus at a maximum value
of Δσ = 288 mN/m, while the 1 μM signal continues to increase until the
copper solution is switched for the buﬀered electrolyte.
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Figure 11.13: The diﬀerential stress signals observed for CGGH-modiﬁed cantilevers
in response to Cu2+-ion concentrations of 10 μM, 1 μM, and 100 nM. The dashed lines
indicate the rough ﬁtting of a Langmuir adsorption isotherm.
A simple Langmuir adsorption model was ﬁt to the 10 μM and 1 μM
responses according to equation 11.1, indicated by the dashed lines in ﬁgure
11.13. The aﬃnity of the Gly-Gly-His complex for the copper (II) ion is
believed to be high enough that desorption is negligible [176, 178, 181]. Ob-
served rate constants were estimated from the rough ﬁt to be kobs ≈ 0.01 s−1
for the 10 μM and kobs ≈ 0.002 s−1 for the 1 μM concentrations, giving
an estimated adsorption constant of ∼ 9 × 102 M−1s−1. Available litera-
ture estimates similar adsorption rate constants to be between 0.1 and 2
M−1s−1 [222], but this is for a Cu-(GGHG) system in solution, whereas the
system in this project is Cu-(CGGH) with the thiol on the cysteine residue
bound to a gold surface. Such diﬀerences can account for orders of magni-
tude change in rate constants.
The functional and reference cantilever responses to a 10 μM Cu2+ solu-
tion are plotted in ﬁgure 11.14, with the diﬀerential signal plotted as well.
Note that the magnitude of this response is far smaller than that of the
10 μM concentration in ﬁgure 11.13. The cantilevers in ﬁgure 11.14 were
ﬁrst exposed to 100 nM Cu2+ but exhibited no stress response. It appears
that the functional layer was active on this cantilever, but the 100 nM con-
centration was unable to cause a stress. This may also be linked to the reason
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Figure 11.14: The surface stress signals of a CGGH-functionalized cantilever and a clean
reference cantilever. The diﬀerential signal ([functional]-[reference]) is plotted as well. Note
the initial tensile stress in the functionalized signal. This cantilever previously had 100 nM
Cu2+ applied and exhibited no appreciable response.
why this 10 μM response is so much less than that seen in ﬁgure 11.13, i.e.
this monolayer may have been damaged, incomplete, is simply less dense
than others.
The 10 μM curve of the functional cantilever in ﬁgure 11.14 is qualita-
tively similar to that obtained by Xu et al. [25], which does not make use
of a diﬀerential cantilever setup and uses GGH bound to a gold surface by
MPA as the functional layer. Like the functional cantilever in ﬁgure 11.14,
Xu et al. observed an initial tensile stress, attributed to a temporary 2:1
coordination scheme between Cu2+ and GGH, followed by a compressive
stress caused by steric hindrance as the GGH coordinates 1:1 with the cop-
per (ﬁgure 11.1(b)) that eventually plateaus. Similar features are observed
in ﬁgure 11.14, indicating that the CGGH molecule is most likely coordi-
nating to Cu2+ ions as intended4. Here too, as already conﬁrmed by QCM
in chapter 8, the copper ions can be removed by a 2 mM concentration of
EDTA, seen in ﬁgure 11.14 as all signals return to their pre-Cu2+ values.
4Remember that this CGGH molecule was created for this purpose in chapter 8.
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11.2.5 Reference Cantilever Response
The response of the reference cantilevers could come into question. It was
shown that the clean reference experiences only a compressive stress upon
encountering copper ions, most likely due to the associated eﬀects of the
non-speciﬁcally adsorbed ions and their solvation shells described in section
11.2.2. Figure 11.15 plots the responses of the voltammetrically-cleaned ref-
erence cantilevers to the three copper (II) ion concentrations. A compressive
stress is observed which accumulates slower for lower concentrations. This
eﬀect is expected as the stress is due to the eﬀects of solvated ions.
Figure 11.15: The stress response of the clean reference cantilevers to Cu2+ ion con-
centrations of 10 μM, 1 μM, and 100 nM, in 30 mM NH4Ac / 30 mM KNO3 (pH 6.8).
The only eﬀect observed is the compressive stress, which accumulates slower for lower
concentrations, as expected.
11.3 Summary
The operation of the ECC platform for diﬀerential sensing of copper ions has
been successfully demonstrated. A clean reference cantilever was generated
by voltammetric cycling. The cleanliness of the cantilever was monitored
during cleaning in real-time to determine the end point. The cleanliness of
the reference cantilevers was also veriﬁed by observing the concentration-
dependent response, which appeared to follow that of non-speciﬁc adsorp-
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tion.
The reaction of a cysteine monolayer to Cu2+ ions was observed in Milli-Q
water and an adsorption rate constant was determined to be 1.2×103 M−1s−1.
The stress response of a cysteine layer to Cu2+ ions in buﬀered electrolyte
was also investigated and compared to the observations in Milli-Q water.
Both chemical and voltammetric techniques were found to be eﬀective at
regenerating the cysteine monolayer, which could then be used again to de-
tect copper ions. The initial compressive response in the cysteine was found
to generally be smaller for lower copper concentrations, and was observed
to be smaller in responses after regeneration.
The CGGH molecule was also found to generate a response, and a rough
estimate of the adsorption rate constant was determined (∼ 9×102 M−1s−1).
The raw response of the CGGH-functionalized cantilever was found to quali-
tatively agree with similar functionalization in literature, and the diﬀerential
response for CGGH was found to be much larger than that observed for cys-
teine.
11.3.1 Outlook: Potential-Directed Assembly
The selective cleaning presented in this chapter is only the simplest case
of the diﬀerential functionalization that could be done using this system.
While using potential cycling to clean electrode surfaces is eﬀective, selec-
tive deposition of functional monolayers would be much more useful. It has
been shown that alkanethiol chains will selectively adsorb onto electrodes
under a positive potential [159, 223–227], and will be desorbed from or will
not adsorb to electrodes under a negative potential [84,157–159,217]. In fact
Petrovic´ et al. have shown that under the appropriate positive potential a
signiﬁcantly higher-quality monolayer of 1-dodecanethiol could be formed in
5 minutes than in 24 hours by conventional methods where no potential is
applied [226].
Thus, in the ECC platform presented here, one could hold certain can-
tilevers at a positive potential while keeping the rest at a negative potential
and introduce a functional thiol molecule. The thiol would quickly adsorb to
the cantilevers under a negative potential with the rest of the array remain-
ing unmodiﬁed. The modiﬁed cantilevers would then be chemically protected
and could have all potential removed. Then this process could be repeated
to functionalize every cantilever in the array, requiring only 5 minutes per
functional layer. This diﬀerential functionalization method would remove the
need for precise alignment (required in the techniques described in section
11.1.2), remove the need for additional deposition equipment (since modi-
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ﬁcation is accomplished in the ﬂow cell, using the inherent capabilities of
the ECC chip), and result in quickly formed, high-quality functional layers.
Further, since the electrode potential can be used to change the charge or
redox state of the applied chemical layer [31, 32, 78, 79], it may be possible
to perform layer-by-layer assembly of functional surfaces in situ, resulting in
well-formed molecular layers in relatively short times. Eﬀorts were made to
investigate potential-directed assembly of alkanethiol monolayers, but prac-
tical issues surrounding electrochemistry in ethanol solutions did not permit
further time to be spent exploring this avenue. However, given the capabil-
ities of the ECC platform and the knowledge in the cited literature, this
method of cantilever functionalization shows signiﬁcant promise.
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An Investigation of
Electromechanical Behavior
Microcantilevers are highly sensitive transducers of surface stress (chapter
2). Electrochemical methods allow control of the electrode potential while
monitoring the current and charge (chapter 3), among other techniques. In
conjunction with appropriate surface modiﬁcations, electrochemical-cantilever
(ECC) measurements oﬀer a means to mechanically investigate electrochemically-
induced phenomena, e.g. monitoring potential-induced denaturing of DNA
[81]. However, observing these events using such a highly coupled system
requires the system itself be carefully characterized.
This chapter explores how an applied potential aﬀects the motion of the
cantilever. Step potentials were applied to the electrode in buﬀered elec-
trolyte to actuate the cantilever. Surface stress during cyclic voltammetry
was monitored in buﬀered electrolyte with and without a redox couple, and
the eﬀect of reduction and oxidation on surface stress were observed. This
data was ﬁt to a ﬁrst order approximation of the Lippmann equation [69] to
verify that the motion was caused by charge accumulation and dissipation.
Finally, a cysteine-modiﬁed cantilever was voltammetrically cleaned, as in
section 11.2.1, and the evolution of the current and surface stress signals
was monitored. The work presented here demonstrates the full capabilities
of the ECC platform for combined sensing.
12.1 Experimental Methods
12.1.1 Cantilever-Electrode Conﬁguration
All measurements in this chapter were performed using the same electrode
conﬁguration. One cantilever was connected as a working electrode, while
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an adjacent cantilever was connected as the reference/counter, thus creating
an identical two-electrode system. This was done since a real reference elec-
trode was not being incorporated, and analytical/quantitative electrochem-
istry would not be performed. The CHI 660C electrochemical workstation
(ﬁgure 3.2(c)) was used to control potential and acquire current and charge
data.
The working electrode cantilever was interrogated by the optical lever
method using the NanoNose optical setup (section 10.3). Only one can-
tilever was monitored in these experiments since diﬀerential measurements
were not required. Cantilevers were let to reach zero drift, ﬁrst in a ﬂow,
and then in motionless electrolyte, before every measurement. All potential
steps and sweeps were applied with the ﬂuid at zero ﬂow through the chan-
nel. All electrochemical data was recorded using the CHI 660C potentiostat
software, while all cantilever deﬂection data was acquired using a LabView
interface built by Søren Dohn. All data was combined in OriginPro 7.5 for
processing and presentation.
12.1.2 Techniques
Potential Steps
Potential steps were applied to the clean gold cantilever-electrodes in an
electrolyte consisting of 30 mM NH4Ac and 30 mM KNO3 (pH 6.8). The
ﬁrst experiment had potentials of E = +0.4,+0.2,−0.2,−0.4 and −0.6 V
applied to the cantilever (vs. the Au reference cantilever electrode) for 30 s
and then returned to open circuit potential, while monitoring cantilever de-
ﬂection. The second experiment applied potential steps of 0.1 V (in both
positive and negative directions) for 1 minute each, again, while monitoring
deﬂection, as well as current through the cantilever surface.
Potential Sweeps
Potential sweeps were applied to the clean gold cantilever-electrodes in an
electrolyte consisting of 50 mM H2PO4 and 50 mM KNO3 (pH 6.2). Cyclic
voltammetry was performed between potentials of E = −0.5 and +0.5 V,
at a sweep rate of 0.05 V/s for 3 cycles. Voltammetry was performed in
buﬀered electrolyte ﬁrst without, and then with 1 mM [Fe(CN)6]3−/4−redox
probe couple. The measurement setup (ECC chip/ﬂow cell/NanoNose) were
not moved, exchanged, opened, or realigned during this experiment, and
between the CVs without and with the redox couple, so that runs could be
directly compared.
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Voltammetric Cleaning
Voltammetric cleaning was performed in the same manner as chapter 11.
An ECC chip was functionalized with L-cysteine following cleaning, us-
ing the protocol described in section 11.1.1. Two cantilevers (one WE, one
RE/CE) were connected to the potentiostat and cycled between potentials
of E = −1.2 and +1.2 V at a rate of 0.1 V/s until the cyclic voltammagram
ceased to change, indicating the charge transfer characteristics of the elec-
trode surface were no longer improving. Cantilever deﬂection and current
were monitored simultaneously to observe the change in surface stress.
12.2 Results
12.2.1 Response to Potential Steps
Potential steps were applied to cantilever electrodes for a duration of 30 s
in buﬀered electrolyte, the results of which are plotted in ﬁgure 12.1. The
ﬁrst noteworthy feature in this plot is the direction of the surface stress with
respect to the applied potential. Seen here in ﬁgure 12.1 and in other elec-
trolytes lacking redox active species, the surface stress is compressive for a
positive potential (Δσ < 0 for E > 0), and is tensile under a negative poten-
tial (Δσ > 0 for E < 0), similar to observations in literature [29, 34, 66, 86].
After 30 s the potential returns to open circuit, and the cantilevers slowly
drift towards a stable stress value near zero.
Table 12.1: The surface stress caused by each step potential from ﬁgure 12.1.
Applied Potential Observed Stress
(V) (mN/m)
+0.4 -52
+0.2 -14
-0.2 +12
-0.4 +42
-0.6 +65
At higher potentials, E = +0.4 and −0.6 V, the stress signal exhibits a
negative drift over the 30 s the potential is held. After the step function
the three lower potentials appear to reach a stable stress level and remain
constant. The rate of sweeping a potential is known to aﬀect where the
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Figure 12.1: The indicated potentials where applied at t = 4 min 10 s and held constant
for 30 s while recording cantilever deﬂection. Note that negative potentials cause a tensile
stress, while positive potentials cause a compressive stress, and the signiﬁcant negative
drift at potentials of E = −0.6 V and E = +0.4 V. Surface stress values due to the
potential step (ignoring drift) are tabulated in table 12.1. Electrolyte: 30 mM NH4Ac and
30 mM KNO3 (pH 6.8).
maximum stress develops, with respect to potential or time [57]. Similarly,
potential steps larger in magnitude require a longer time to reach equilib-
rium than smaller steps. Even at the smaller positive potential, E = +0.2 V,
a slight negative drift is noticeable.
A theoretical basis for this behavior is provided by Weigend et al. [87]. Sur-
face atoms lack nearest neighbors, thus suﬀer from a reduced coordination
number compared to atoms within the bulk. This causes charge redistribu-
tion to in-plane and interior bonds, resulting in a slight lateral and inward
contraction, observed as a tensile surface stress [228]. In charged metal sur-
faces the excess electrons are located outside of the outermost layer of ions,
creating a surface-excess electron density wave. This shifts the electrostatic
center of gravity, causing the ions to relax to a new equilibrium position.
Weigend found that the interaction between the ions and this density wave
is attractive and relaxation is outward. This results in a negatively charged
gold surface (i.e. with excess electrons) exhibiting a tensile stress relative to
its charge-neutral state, with the reverse being true for a positively charged
surface. This explains the stress-potential direction observed in ﬁgure 12.1.
Weigend also notes that counter charges outside the surface (e.g. ions in
solution) typically cancel the electrostatic eﬀect of the charged surface, thus
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it is the relaxation previously described responsible for the stress [87]. How-
ever, a positively or negatively charged surface will attract anions or cations,
respectively. The accumulation of such species in the process of creating an
equilibrium at the interface creates a compressive stress, or rather a reduc-
tion of the tensile stress, by disrupting the surface charge density [88]. This
compressive stress due to ion species was also observed in section 11.2.5.
Thus, higher potentials will attract more ions, which will adsorb to the sur-
face, causing a larger drift.
Figure 12.2 depicts an applied potential step series, with steps of 0.1 V.
Again, with the measurements taken only in buﬀered electrolyte with no re-
dox active species available there should be no charge transfer events. This
is conﬁrmed by the minuscule current read, and how it quickly drops to a
value near zero. The electronic double layer is setup within seconds, and the
non-Faradic current stops just as quickly. The surface stress follows the po-
tential quite closely, again with negative potentials creating a tensile stress,
and slight drifts are observed at held potentials. However, despite the drift,
within this small potential range, surface stress appeared to be linear with
potential at Δσ/E ∼ 75 mNm−1V−1. Again, the reasons previously dis-
cussed for stress direction apply here.
12.2.2 Response to Cyclic Voltammetry
Figure 12.3 plots the surface stress and applied potential versus time in
a buﬀered electrolyte, now 50 mM H2PO4 and 50 mM KNO3 (pH 6.2).
Once again, the opposite signs of surface stress and applied potential are
apparent. The stress seems to follow the potential closely, with little or no
lag at this scan rate (0.05 V/s). Due to the data acquisition electronics on
the NanoNose, cantilever deﬂection data can only be acquired at one point
per second, meaning faster scans incorporate fewer data points. It is for this
reason that slower scans are preferred. While this ﬁgure is adequate for com-
paring shapes it is leaving out a major component of the voltammagram:
the current.
Combined measurements are most easily interpreted when both surface
stress and current are plotted versus the applied cyclic potential. Figure
12.4 plots the data from ﬁgure 12.3 in a stress-CV. Here the linear relation-
ship between surface stress and potential is clearly visible, and the current
signal conﬁrms that there was no redox active species in the electrolyte.
As expected from ﬁgures 12.1 and 12.2, in the absence of charge transfer
events the surface stress is proportional to the applied potential. However,
the stress per volt is diﬀerent here, at Δσ/E ∼ 275 mNm−1V−1, which can
be attributed to a number of diﬀerences: pH, ionic concentration, ion species,
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Figure 12.2: Plots of the applied potential (top), measured current (middle), and surface
stress response (bottom). Starting at t = 1 min each indicated potential was held for 1 min,
and changed in 0.1 V steps. Note that the current quickly becomes zero as this is the result
of the double layer capacitance and non-Faradaic current. Drift notwithstanding, the steps
in surface stress for each 0.1 V potential step are consistently 7-8 mN/m. Electrolyte:
30 mM NH4Ac and 30 mM KNO3 (pH 6.8).
scan rate. It is clear that, for proper comparison between experiments, strict
control of all ﬂow cell parameters must be kept.
All parameters under which the data plotted in ﬁgure 12.5 was taken were
kept identical to those of ﬁgure 12.4, i.e. the buﬀer, pH, ionic concentration
and species, scan range, scan rate, number of cycles, laser placement, and
even PDMS gasket placement were kept constant. Thus the altered appear-
ance of the stress-CV in ﬁgure 12.5 is solely due to the addition of 1 mM
[Fe(CN)6]3−/4−. The addition of a redox active species means charge trans-
fer events now occur, aﬀecting the charge on the electrode surface, and thus
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Figure 12.3: Plot of the applied potential (bottom signal, right axis) and resulting surface
stress (top signal, left axis). As in ﬁgures 12.1 and 12.2, a positive potential causes a
compressive (negative) stress, while a negative potential causes a tensile (positive) stress.
As in ﬁgure 12.1, when the potential is released after 7 minutes, the surface stress stabilizes
at a value close to where it began. Electrolyte: 50 mM H2PO4 and 50 mM KNO3 (pH
6.2).
the stress. The stress signal is no longer linear with potential, but attains a
maximum near E = 0 V, the equilibrium potential (E1/2) in this system. Fol-
lowing the stress signal, as it cycles with potential it decreases (becomes less
tensile) as it moves towards the negative potential limit. The stress continues
to decrease after changing scan direction, and its rate of descent increases
further at E = +0.2 V. While this stress-CV in [Fe(CN)6]3−/4−compares
with those found in literature [29], the peaks in the stress signal do not
directly correlate to any points on the voltammagram, which takes the stan-
dard shape of a reversible redox process.
It should be noted that buﬀered electrolyte is still present, meaning the
stress signal in ﬁgure 12.5 is a superposition of the signals from both the
electrolyte as well as the reduction and oxidation events.
While the data in ﬁgure 12.4 and 12.5 were not collected simultaneously,
and thus do not constitute a true diﬀerential measurement, the stress signal
in ﬁgure 12.4 can still be taken as a baseline and subtracted from the stress
in ﬁgure 12.5. All parameters for the two experiments were kept identical,
thus it is reasonable to use the data in ﬁgure 12.4 as a negative control. This
yields ﬁgure 12.6, a stress-CV where the surface stress signal is due to the
redox events in the solution, without the superimposed linear dependence
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Figure 12.4: A plot of surface stress (solid line, left, axis) and current (dashed line, right
axis) as a function of potential cycling, in buﬀered electrolyte: 50 mM H2PO4 and 50 mM
KNO3 (pH 6.2). The surface stress is linear with potential. It can be seen from both the
stress and current signals that there are no reduction or oxidation events occurring. This is
expected since the electrolyte contains no species which are electroactive in this potential
range.
Figure 12.5: A plot of surface stress (solid line, left, axis) and current (dashed line, right
axis) as a function of potential cycling, in buﬀered electrolyte with a redox couple: 1 mM
[Fe(CN)6]
3−/4−, 50 mM H2PO4 and 50 mM KNO3 (pH 6.2). The current signal takes on
the familiar shape of a reversible redox couple, while the surface stress reaches a maximum
during the anodic (negative) sweep near E = 0 V, which is the E1/2 in this setup.
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on potential. The maximum on the anodic scan has moved to approximately
E = +0.2 V, which is where the change in slope of the cathodic scan remains.
Figure 12.6: A diﬀerential surface stress signal is created by subtracting ﬁgure 12.4 from
ﬁgure 12.5, to return only the stress due to the [Fe(CN)6]
3−/4−reduction and oxidation
events. The surface stress (solid line) and current (dashed line) are once again plotted
against the cyclic applied potential. Once the signal from the buﬀered electrolyte alone
has been subtracted the maximum on the anodic sweep moves to more positive potential
at E = +0.2 V.
As described in chapter 4, the Shuttleworth equation [58] relates the sur-
face stress, σ, to the surface tension, γ, as seen in equation 12.1:
σ = γ +
dγ
dε
(12.1)
where ε is the surface strain. Strictly speaking, in the case of solid elec-
trodes the second term is needed to describe the surface energy due to elastic
strain, unlike in the case of liquids where it is automatically zero. However,
the second term of equation 12.1 is often noted to be much smaller than the
ﬁrst [26,34,66], and is thought to be smaller than the measurement noise in
these systems. Thus, σ = γ is a reasonable approximation. The Lippmann
equation relates surface charge to stress and tension as follows:
dγ
dE
= −q − (γ − σ) dε
dE
(12.2)
with E being the electrode potential. It is generally agreed that the sec-
ond term is negligible [29, 68, 69], again only contributing an error that is
most likely below the detection limit in measurements. Thus the Lippmann
equation is simpliﬁed to
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− ∂γ
∂E
= q (12.3)
Now, diﬀerentiating the simpliﬁed Shuttleworth equation with respect to
applied potential, E, we obtain ∂γ/∂E = ∂σ/∂E. Substituting this into
equation 12.3 we are left with
− ∂σ
∂E
= q (12.4)
Equation 12.4, while a simple ﬁrst-order approximation, presents an op-
portunity to test the data acquired in the above ﬁgures against theory. Fig-
ure 12.7 plots the charge of the electrode (q), acquired during voltammetry,
with the negative ﬁrst derivative of the surface stress with respect to the
potential (−∂σ/∂E). Since the NanoNose only captures one data point per
second and has visible signal noise at these stress levels, the quality of the
derivative taken from this signal is correspondingly low. Still, it is possible
to make out the basic shape of the −∂σ/∂E curve and see that it resem-
bles the charge signal, and that both signals have their maxima and minima
at the same potentials. With the acquired data matching with a theoreti-
cal approximation the ECC platform is veriﬁed as a hybrid sensing platform.
Figure 12.7: The negative ﬁrst derivative (−∂σ/∂E) of the surface stress with respect
to the potential is plotted (solid line) with the measured electrode charge (dashed line).
The two plots resemble each other in shape, as expected from equation 12.4.
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12.2.3 Combined Readout Monitoring of Voltammetric Clean-
ing
Finally, the ECC platform was used to explore the voltammetric cleaning
application used in chapter 11. The potential applied to the cantilevers was
cycled until the voltammagram ceased to change, indicating that the elec-
trode surface was clean. As a ﬁrst step in using this ECC platform to inves-
tigate potential-controlled phenomena, the eﬀect of voltammetric cleaning
on the evolution of surface stress was explored. Acquiring these measure-
ments in real-time meant a progression would need to be plotted to observe
the evolution of the signals. Figure 12.8 displays the raw surface stress and
applied potential signals with respect to time. While this is not particularly
useful for understanding the peaks that are generated, the evolution of the
surface stress can be clearly seen.
Figure 12.8: The surface stress (top signal, left axis) and applied potential (bottom signal,
right axis) are plotted versus time for a cysteine-modiﬁed cantilever being voltammetrically
cleaned, as described in section 11.2.1. Notice how the signal evolves over the course of the
voltammetry, indicating that the charge transfer characteristics of the surface are being
changed. Electrolyte: 1 mM [Fe(CN)6]
3−/4−, 50 mM H2PO4 and 50 mM KNO3 (pH 6.2).
Figure 12.9 and 12.10 plot the oxidation and reduction sweeps of the
progression, respectively. Figure 12.9 shows the [Fe(CN)6]3−/4−peak in the
oxidative voltammagram evolving towards zero (decreasing the ΔE), with a
feature near E = 1.1 V being ”smoothed out” over the course of the cycling.
The oxidative stress curves develop from having a minimum near E = 0 V
into the familiar shape observed in ﬁgure 12.5 of a clean gold surface.
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Figure 12.9: The progression of the oxidative (cathodic) sweeps, surface stress (solid
line) and current (dashed line), are plotted versus cyclic potential. Features of note in
the current signal include the oxidation peak shifting towards zero (narrowing the ΔE of
the CV), and the ﬂattening of the feature at E = 1.1 V. The tensile surface stress near
the positive end of the potential axis decreases signiﬁcantly and the signal takes on the
familiar shape seen in ﬁgure 12.5. Electrolyte: 1 mM [Fe(CN)6]
3−/4−, 50 mM H2PO4 and
50 mM KNO3 (pH 6.2).
Similarly, the [Fe(CN)6]3−/4−reduction peak evolves toward E = 0 V1 in
ﬁgure 12.10, which shows the anodic sweeps of the cyclic voltammagrams.
Further, an additional reduction peak develops at E = +0.35 V which can-
not be attributed to a clean gold electrode in [Fe(CN)6]3−/4−, and thus must
be an artifact of the cysteine monolayer. The reductive stress curve evolves
from having merely an inﬂection point at E = +0.3 V to a more pronounced
peak, similar to stress curves reported by Tian et al. [29]. The overall obser-
1As described in chapter 6, this decrease in ΔE indicates an improvement in electron
transfer characteristics, which is indicative of a cleaner surface.
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vation of ﬁgures 12.9 and 12.10 is that, in both the stress and current plots,
the signals evolve smoothly over time as the number of cycles grows, and
does not suddenly change.
Figure 12.10: The progression of the reductive (anodic) sweeps, surface stress (solid line)
and current (dashed line), are plotted versus the cyclic potential. Features of note in the
current signal include the reduction peak shifting towards zero (narrowing the ΔE of the
CV), and the appearance of a small peak at at E = 0.3 V. The surface stress evolves a more
pronounced peak, which also shifts towards negative. Electrolyte: 1 mM [Fe(CN)6]
3−/4−,
50 mM H2PO4 and 50 mM KNO3 (pH 6.2).
To more clearly diﬀerentiate between the cysteine-modiﬁed cantilever
before and after cleaning, ﬁgure 12.11 presents the ﬁrst and last stress-
voltammagrams taken in this series. The voltammagrams contain similar
features to those previously acquired while cleaning cysteine-modiﬁed elec-
trodes in chapter 11, including the new unidentiﬁed reduction peak. Again,
this peak does not appear when using a clean gold electrode and thus must
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be an artifact of the cysteine layer. Cantilever electrodes exhibiting this peak
still behave in the expected manner as a clean cantilever, meaning this peak
must not signiﬁcantly interfere with the copper ion binding. Further inves-
tigation is required to determine the cause of this reduction peak.
In a system with so many components, determining the exact source of
the stress curve shape is extremely diﬃcult. It can be noted, however, that
the ﬁnal stress curve cycle much more closely resembles ﬁgure 12.5, as well
as plots presented by Tian et al. [29], than does the stress curve from the
ﬁrst cycle. This, in addition to the CV, indicates that the surface of the
cantilever has been permanently altered due to this potential cycling. Com-
bined electrochemical-cantilever voltammetry is a powerful analytical tool
for investigating this type of phenomena, but requires a high-level of under-
standing of both surface stress and electrochemical behaviors.
Figure 12.11: The surface stress (solid lines) and current (dashed lines) for the ﬁrst
and last cycle of the voltammetric cleaning are plotted versus the cycling potential. The
features which were seen to evolve in ﬁgures 12.9 and 12.10 are more clearly visible here.
Note that the shape of the ”last cycle” is much closer to a clean CV in [Fe(CN)6]
3−/4−than
the ”ﬁrst cycle”. Electrolyte: 1 mM [Fe(CN)6]
3−/4−, 50 mM H2PO4 and 50 mM KNO3
(pH 6.2).
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12.3 Summary
12.3.1 Conclusion
This chapter presented an investigation of the electromechanical behavior
of the ECC platform. The application of potential steps was yielded a linear
dependence of surface stress on applied potential of ∼ 75 mNm−1V−1 within
a range of −0.2 V < E < +0.2 V. The direction of the surface stress with
respect to the sign of the applied potential was found to agree with observa-
tions reported in literature, as well as with currently accepted theory. Cyclic
voltammetry was used to explore the eﬀect of 1 mM [Fe(CN)6]3−/4−redox
couple concentration on the stress-CV in buﬀered electrolyte. In the absence
of redox events the surface stress responded linearly with applied potential,
but a stress maximum and inﬂection points appeared upon introduction of
redox active species. A plot of the negative ﬁrst derivative of surface stress
(with respect to potential) was found to have the same basic shape, as well
as maximum and minimum value locations, as the cantilever charge. This
agrees with a ﬁrst-order approximation of the Lippmann equation. Finally,
preliminary data was presented on real-time stress-voltammetry monitoring
of the evolution of a cysteine-modiﬁed electrode surface during electrochem-
ical cleaning. Several features in the plots were noted, but full identiﬁcation
of all features would require further investigation.
This chapter marks the ﬁnal stage in the development of the ECC plat-
form: full combined operation of and data acquisition with the hybrid plat-
form, as well as understanding and veriﬁcation of the basic principles and
theory that govern its operation.
12.3.2 Outlook: Cantilever Voltammetry
Immediately following the presented investigation, several improvements to
the system are obvious. First, the acquisition of data requires streamlining.
Voltammetric and deﬂection data must be combined manually and start
and ﬁnish points of the voltammagrams must be manually identiﬁed in the
deﬂection graphs. A ﬁrst attempt at remedying this would be to use the
same LabView interface to acquire the cantilever potential along with the
time and deﬂection. Second, a stable reference electrode is required to aid
in identifying peaks. The current symmetric two-electrode setup served well
in this chapter, but having a stable reference potential would allow partial
identiﬁcation of observed peaks. Third, a higher rate of data acquisition for
the cantilever deﬂection is necessary to allow for faster scan rates, and to
allow for averaging, thus reducing the eﬀect of noise when taking the deriva-
tive of the surface stress.
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The investigation of the electromechanical behavior, as well as the real-
monitoring of the surface stress during voltammetric cleaning represent
only a small percentage of what could be accomplished with such com-
bined measurement techniques. Examining the real-time stress response of
potential-directed events, such as the cleaning observed in this chapter, or
the potential-induced denaturing of DNA performed by Bongrain et al. [81].
Also, since cantilever drift is due to the formation of an equilibrium be-
tween the composition of the electrical double layer and the intrinsic surface
charge and stress, an applied potential could be used to quickly set the can-
tilever at its equilibrium instead of waiting an hour or more for stabilization.
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PROJECT SUMMARY
13.1 Conclusion
The goal of this project was to design, fabricate, and use a novel electrochemical-
cantilever hybrid platform. Considering the work that has been presented
within these pages, it is clear that this goal was achieved, and the combined
measurement capabilities of the resulting platform have been veriﬁed.
A 1 mm2 gold ﬁlm electrode chip format, as well as a protocol to achieve a
reliably clean gold surface was developed and used to screen functional layers
for detecting Cu2+ ions. L-cysteine and Cys-Gly-Gly-His monolayers were
screened for their ability to bind copper ions using voltammetry, impedance,
and QCM methods. A number of Ph.D. students have since used the elec-
trode design and cleaning protocol, as well as the custom CGGH peptide in
their respective projects.
An optimized process was developed to microfabricate electrochemical-
cantilever chips with integrated reference/counter electrodes, and multiple,
individually-addressable cantilever working electrodes. The chips could be
batch-fabricated and had a yield of nearly 100%. A polymer ﬂow cell was
designed, fabricated, and optimized to eliminate leaking and achieve reliable
electrical contact and optical access. Together the ECC chip and ﬂow cell
provided an environment in which the surface stress of multiple electrodes
could be monitored simultaneously during electrochemical measurements,
with the ability to exchange ﬂuid without disassembling the chamber. This
chip format and ﬂow cell has since been used by other Ph.D. students and
assistant professors for combined electrochemical and cantilever measure-
ments.
The cantilevers of the ECC platform were functionalized with cysteine
and CGGH monolayers to sense Cu2+ ions. Cyclic voltammetry was used
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to clean a reference cantilever for diﬀerential measurements, and rough es-
timates for adsorption rate constants were obtained. The electromechanical
behavior of the platform was investigated using potential steps and sweeps,
the direction of which was found to be consistent with theory. Combined
cyclic voltammetry and stress measurements using an electrochemical probe,
[Fe(CN)6]3−/4−, was ﬁt to an approximation of Lippmann’s equation, veri-
fying the source of the surface stress in these experiments. Finally, surface
stress was monitored during voltammetric cleaning of a cysteine-coated can-
tilever. The stress was observed to change with each cycle, reaching a cyclic
voltammetry stress response characteristic of a clean gold cantilever elec-
trode.
In conclusion, the work of this project yielded a veriﬁed cleaning proto-
col, a tested Cu2+-sensitive molecule, and a fully-functional electrochemical
cantilever platform, all of which have been used by others to further their
own projects. A number of measurements were successfully performed with
the ECC platform. However, it is quite clear that analyzing the data acquired
from such complex measurements requires a high level of understanding of
both surface stress and electrochemistry. Further characterization of the
phenomena surrounding the operation of these devices is required if the
electrochemical-cantilever is to become a useful analytical tool.
13.2 Outlook
Were work on metal ion detection and combined electrochemical-cantilever
measurements to continue with this platform, there are a number of issues
that require resolution, as well as improvements that increase reliability and
usability of the system.
Functional Layers
Chapter 8 concluded with a successful demonstration of L-cysteine and
CGGH being used to detect copper. While these layers responded to dif-
ferent concentrations of Cu2+, the results presented only covered this one
metal ion species. The attempt to design an As3+-capturing peptide demon-
strated how this methodology will not be so easily applied to other species.
In the corresponding chapter crown ethers were cited to be highly speciﬁc
receptors for metal ions. It is believed that this is a promising avenue to
pursue regarding the speciﬁc detection of toxic heavy metal ions.
In chapter 11 a single cantilever was cleaned voltammetrically to remove
its functional layer. This allowed the cantilever to be used as a reference
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with respect to the funcationalized one, and diﬀerential measurements were
obtained. However, applying a second chemical layer, one identical in com-
position but inert to the target species, would be a more accurate reference
surface. As was suggested, potential-directed assembly could be employed to
quickly (∼ 5 min) and selectively functionalize each cantilever in the array
with diﬀerent active or inactive monolayers. This should be explored if more
advanced diﬀerential measurements are to be performed.
Additionally, by applying potentials only to certain cantilevers, one could
build multi-layered functional surfaces, and thus not be restricted to single
monolayers. This would be useful when screening combinatorial arrays.
The ECC Platform
While the ECC platform functioned very well as a prototype, there are a
number of obvious improvements to make.
First, the chip itself requires a modiﬁed fabrication process if true electro-
chemistry is to be performed. Speciﬁcally, an Ag/AgCl reference electrode
should be integrated into the chip. A simple ﬁrst attempt would be to use
a shadow mask on released chips to cover one of the large area electrodes
with Ag, then chlorinate it using either electrochemistry or a Cl-plasma.
Second, the exposed Cr adhesion layer poses a problem. While Au is inert
and has a large potential window, Cr can be chemically attacked or oxidized
much more easily. Thus, as was done in the 1 mm2 electrode chips, protec-
tion of the edges of the electrode should be incorporated into a modiﬁed
chip design.
Third, while the ﬂow cell performed adequately, a number of improve-
ments could be made to increase its robustness. The layered and clamped
design should be kept, but the exterior should be made from machined alu-
minum. The interior should be made of Teﬂon, and a new gasket material,
ideally one that will not take up water, should be found. The entire platform
could be made extremely compact by reading out the cantilevers using verti-
cal cavity surface emitting lasers (VCSELs) in the ﬂoor of the microchannel1.
Such a system would require only an external potentiostat and would ﬁt in
the palm of your hand.
1A large amount of work with VCSEL-based cantilever interrogation has been done in
the Nanoprobes group, in collaboration with DTU Photonics.
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Measurements
The experiments performed within this thesis proved the capabilities of the
system. However, a great deal more could be done. Exploring a larger param-
eter space would be immensely useful in further characterizing the operation
of electrochemical-cantilevers. Eﬀects of pH, electrolyte type and concentra-
tion, as well as the aforementioned potential-directed assembly are all areas
that require further attention. Clearly, a deeper understanding of these fac-
tors is required before this powerful analysis technique can be used to its
full capacity.
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Appendix A
Gold Film Microelectrodes:
Detailed Process Flow
This is the detailed process ﬂow for the 1st gen. electrode chips used in chap-
ter 5, and the 2nd gen. electrode chips used in chapters 6, and 7. It should be
noted that the 2nd gen. chips have also been used by Ph.D. students Xueling
Quan and Shoko Yamada for their projects. Step numbers correspond to the
steps of the process ﬂow.
Start
Silicon (100) wafer
100-mm-diameter
500-μm-thick
Doping is irrelevant
Step 1
Wet thermal oxidation
1.5 hours @ 1050 degC
500 nm SiO2
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Step 2-10
HDMS, resist, mask exposure
Metallization:
10 nm Ti adhesion layer
300 nm Au electrode layer
Patterned by lift-oﬀ in acetone
Step 11
Deposition of PECVD
Silicon Nitride
Approx. 1 μm thick
Step 12-19
HMDS, resist, exposure
Reactive Ion Etching (RIE)
Resist removal
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(a) (b)
Figure A.1: Finished chips: (a) 1st gen., and (b) 2nd gen.
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Appendix B
ECC Chips: Detailed Process
Flow
This is the detailed process ﬂow for the electrochemical-cantilever (ECC)
chips designed in chapter 9, and used in chapters 11 and 12. These chips have
also been fabricated and used for combined electrochemical-cantilever mea-
surements by Ph.D. student Xueling Quan and Assistant Professor Maria
Tenje. Described below is the ECCv2.1n fabrication process ﬂow, which is
the ﬁnal optimized fabrication process developed in this project. All chips
used for measurements in chapters 11 and 12 were created using this process.
Step numbers correspond to the steps of the process ﬂow.
(a) (b) (c)
Figure B.1: Masks used in the ECC chip fabrication process: (a) 1st mask: CAN-
TILEVERS (front side), (b) 2nd mask: BODY CHIP (back side), and (c) 3rd mask:
ELECTRODES (front side).
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Step 1
LPCVD Deposition
Si-rich Silicon Nitride
375-μm-thick (100) wafer
Doping is irrelevant
Step 2-9
HMDS, resist
1st exposure: CANTILEVERS
mask
RIE silicon nitride etch
Step 10-17
HDMS, resist
2nd exposure: BODY CHIP
mask
RIE silicon nitride etch
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Step 18-25
HMDS, resist
3rd exposure: ELECTRODES
mask
Metallization:
2 nm Cr / 20 nm Au
Lift-oﬀ in acetone
Step 26
KOH release
Water and ethanol rinse
Oven dry
197
(a)
(b)
Figure B.2: The ﬁnished electrochemical-cantilever chip: (a) a photo of the whole chip,
and (b) a SEM image of the channel and cantilevers.
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Appendix C
Flow Cell: Engineering
Drawings
This appendix contains the dimensions for the ﬂow cell components. PMMA
and PDMS components were fabricated using a CO2 laser marking system:
48-5S Duo Lase carbon dioxide laser, SYNRAD Inc., USA, with a FH/Fenix
200 mm writing head. The pyrex optical window was cut to dimension us-
ing a Disco wafer dicing saw. All dimensions in the drawings below are in
millimeters (mm).
201
Figure C.1: Engineering drawing with dimensions for the PMMA bottom plate.
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(a)
(b) (c)
Figure C.2: (a) An isometric drawing of the PMMA bottom plate. Photographs of the
ﬁnished PMMA bottom plate from the (a) top, and (b) bottom, where the ﬂuidic tubing
can be seen.
203
Figure C.3: Engineering drawing with dimensions for the PMMA top plate.
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(a)
(b)
Figure C.4: ((a) An isometric drawing of the PMMA top plate. (b) A photograph of the
ﬁnished PMMA top plate.
205
Figure C.5: Engineering drawings with dimensions for (a) the PDMS top gasket, (b) the
PDMS bottom gasket, and (c) the pyrex window.
Figure C.6: A photograph of the PDMS top and bottom gasket, the pyrex window, and
the ECC chip.
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